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ABSTRACT

The potential of all-inorganic halide perovskite-based memristors as a solution to the limitations of traditional memory systems,
particularly in the context of edge computing and next-generation digital architectures, is investigated. The rapid expansion of
data-driven applications demands more efficient, secure, and scalable memory technologies, prompting this exploration of
memristors for their unique resistance-switching properties. The research aims to address the challenges of data security and
processing efficiency by integrating memristors into logic circuits, enabling both memory and logic operations within a single
device. The study is structured around the experimental fabrication and characterization of Cs;Bi,I¢Br; perovskite memristors.
A simple solution-processed spin coating method with antisolvent-assisted crystallization was employed to fabricate the
memristor devices. The experimental characterization of memristors, including X-ray diffraction (XRD) analysis and electrical
measurements, confirmed their structural integrity and memristive behavior, with distinct hysteresis loops indicative of non-
volatile memory properties. To analyze the behavior of the memristors in electronic circuits, a Verilog-A mathematical model
was developed, and simulations were conducted using the Cadence Virtuoso Electronic Design Automation (EDA) suite. The
Verilog-A model demonstrates strong agreement with measured results and validates the device's hysteresis behavior. Key
findings demonstrate that metal halide perovskite (MHP) memristors exhibit excellent switching characteristics, repeatability,
and integration potential with complementary metal-oxide-semiconductor (CMOS) technology. These properties make them
suitable for implementing various logic gates, such as IMPLY, AND, and OR gates, as well as more complex digital circuits like
multiplexers and full adders. The results highlight the feasibility of using these memristors for in-memory computing, where
both data storage and processing occur within the memory cells, significantly enhancing computing efficiency and security. The
study concludes that MHP-based memristors offer a promising path toward more compact, energy-efficient, and secure com-
puting architectures.

1 | Introduction

The rapid growth of the Internet of Things (IoT) has led to an
explosion of data, making efficient edge computing essential.
Edge computing processes data closer to its source, improving

immediacy and security for applications like autonomous
driving. These devices manage sensitive information, such as
biometrics and financial data, making them prime targets for
cyberattacks. To counter these threats, hardware cryptographic
solutions are being developed, as software security alone is
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insufficient. Traditional cryptographic methods rely on non-
volatile memory to store secret keys, but these are difficult to
keep secure over time. Next-generation memory devices, such
as phase-change memory (PCM), magnetic random-access
memory (MRAM), and resistive switching memory (RSM),
offer advantages like nonvolatility and fast operation.

RSM is a type of nonvolatile memory that stores data by
changing the resistance across a dielectric solid-state material,
typically using a metal-insulator-metal structure [1]. RSM
boasts several advantages, such as easy fabrication, excellent
scalability, fast operation speed, long data retention, and
compatibility with existing complementary metal-oxide-
semiconductor (CMOS) technology [2]. Various materials,
including oxides, organics, and biomaterials, have been eval-
uated for use in RSM devices [3, 4]. A new approach within
RSM involves using memristors, which are resistive switching
devices that not only regulate the flow of electrical current but
also remember the amount of charge that has passed through
them. Memristors enhance RSM by providing faster switching
speeds, lower power consumption, and higher data retention,
making them a promising technology for next-generation
memory applications. Consequently, RSM offers a competitive
solution for future digital memory [5].

A memristor is a two-contact device that can change its resist-
ance based on applied voltage stimuli. This unique ability
makes it useful for new kinds of computing, such as storing
information in a manner different from traditional methods.
Unlike traditional memory systems, where data is stored in
fixed, predictable locations, a memristor dynamically adjusts its
resistance. This adaptability introduces an additional layer of
security, as the changing resistance makes it more challenging
for hackers to pinpoint and access sensitive information. It was
first imagined by a scientist named Chua in the 1970s, and in
2008, a practical version was made by HP Labs using a thin film
of titanium oxide. This device can do both logic and memory
tasks, opening up exciting possibilities for the future of com-
puters [6, 7].

Metal halide perovskite (MHP) materials, with the typical
structure comprising ABX; (A = monovalent organic/inorganic
cation, B = Central metal cation, X = halide anion), have
emerged as promising candidates for RSM devices. These ma-
terials have been extensively used in optoelectronic devices like
solar cells and photodetectors due to their exceptional proper-
ties, including high charge carrier mobility, tunable bandgap,
and long diffusion length. MHP materials exhibit hysteresis in
their current-voltage (I-V) characteristics, which is advanta-
geous for RSM devices. Additionally, their fast ion migration,
low-cost processing, and tunable band gap make them ideal for
resistive switching. MHPs have been investigated for their
potential use in memristors, where their mixed electronic-ionic
conduction behavior offers opportunities for energy-efficient
optoelectronic memristors [8, 9]. Recent research has demon-
strated that encapsulating MHP-based RSM devices improves
their stability, making them suitable for practical memory ap-
plications [10, 11]. These materials exhibit strong coupling of
photonic, electronic, and ionic processes, enabling multilevel
biomimetic behavior suitable for in-sensor computing applica-
tions. Overall, MHP materials hold significant promise for the

future of advanced multifunctional memristors and in-sensor
computing [12]. The environmental stability of MHPs is a
critical consideration for their practical application in electronic
devices. Recent studies have demonstrated significant progress
in improving the stability of perovskite-based devices through
encapsulation techniques [13, 14], compositional engineering
[15, 16], and interface modifications [17]. For instance, en-
capsulation with hydrophobic layers has been shown to protect
perovskite materials from moisture and oxygen, while compo-
sitional engineering, such as the incorporation of cesium or
formamidinium, has enhanced thermal and environmental
stability. Additionally, interface modifications, including the
use of passivation layers, have been effective in reducing defect
densities and improving device longevity.

Using memristor-based MHP for logic applications in comput-
ing is an increasing need. These materials have special prop-
erties, allowing them to switch between different conductivity
states quickly from high resistance state (HRS) to low resistance
state (LRS). This makes them perfect for tasks like making
decisions and processing information fast. Plus, they're afford-
able to make and can have adjustable characteristics such as
crystal structures and bandgap, related to the resistive switching
properties, making them even better for logic tasks. By tapping
into these unique features of MHP-based memristors, future
computer systems could become much more efficient and
powerful, opening up exciting new possibilities for advanced
logic operations in technology.

In recent years, several memristive logic design families have
emerged, each with unique characteristics and applications
[18, 19]. Notable among these are Memristor Aided Logic
(MAGIC) and Material Implication (IMPLY), both of which
enable logic computations within memristive memory systems
to address the memory wall problem. MAGIC relies solely on
memristors for creating various logic gates, while IMPLY uses
two memristors and one resistor for the material implication
operation. These methods allow for efficient logic gate map-
ping to the crossbar architecture, facilitating in-memory
computing [20, 21].

Another significant design style is Memristor-Ratioed Logic
(MRL), a hybrid of memristors and CMOS technology aimed
at implementing conventional combinational logic circuits,
the building blocks of digital systems. MRL seeks to replace
as many transistors with nano-scale memristors as possible
while maintaining the functionality of traditional digital
architectures. Unlike other memristive logic styles, MRL
matches conventional CMOS in using voltage as the state
variable, making it highly suitable for integration into exist-
ing CMOS designs. This integration can effectively exploit the
density and scalability of memristive devices through
the crossbar structure, which arranges memristors above the
CMOS layer [22-24].

Additionally, recent advancements have proposed new synthe-
sis approaches for mapping logic gates, such as NOR and NOT,
directly onto memristor crossbars. For instance, a transpose
crossbar architecture allows NOR gates to be mapped to col-
umns as well as rows, enabling more efficient in-memory
computing. This approach simplifies gate mapping and
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enhances the potential for scalable, high-performance com-
puting architectures using memristors [25].

This paper demonstrates the potential of MHP-based memris-
tors for circuit logic through a combination of experimental
fabrication, characterization, and computer simulations. In the
initial phase, we detail the fabrication process of Cs;Bi,I¢Brs
perovskite memristors, including the solution-processed spin
coating method with antisolvent-assisted crystallization, and
the structural verification using X-ray diffraction (XRD) analy-
sis. The electrical characterization, conducted under dark con-
ditions using a KEYSIGHT Semiconductor Analyzer, confirms
the memristor's switching behavior and hysteresis properties,
which are critical for nonvolatile memory applications. In the
next phase, we describe the mathematical model governing
memristor behavior, implemented in Verilog-A for circuit
simulations using Cadence's Spectre simulator. This model
accurately replicates the experimental I-V characteristics,
including the nonlinear resistance and voltage-dependent hys-
teresis, providing insights into the memristor's switching
dynamics and memory effects. In the final phase, we compare
the hysteresis curves obtained from both the fabricated devices
and the simulated model, validating the accuracy of the pro-
posed behavioral model. Furthermore, we demonstrate the
implementation of basic logic gates, such as IMPLY, AND, and
OR, using memristors, where logic operations and data storage
are integrated within the same device. Additionally, a per-
formance comparison between NMOS-based and memristor-
based logic gates is conducted, highlighting the advantages of
memristors in terms of energy efficiency and integration density
for in-memory computing applications. This paper is organized
as follows: Section 2 provides the experimental methods, Sec-
tion 3 presents the mathematical model, Section 4 discusses the
experimental and simulation results, and Section 5 concludes
the paper.

2 | Experimental
2.1 | Device Fabrication

The MHP-memristor devices were composed of layers of
Indium tin oxide (ITO) glass, MHP(Cs;Bi,I¢Br3), and Ag metal
electrode. First, we washed the ITO glass substrates by sonica-
tion in detergent with deionized water (DIW), acetone, and
isopropyl alcohol (IPA) each for 15 min, followed by an airgun-
blow drying process.

The precursor solution of MHP (Cs;Bi,IsBrs) was prepared by
mixing cesium bromide (CsBr, 99.999% trace metals basis,
Sigma-Aldrich) and bismuth (III) iodide (Bils, 99% trace metals
basis, Sigma-Aldrich) with molar ratio of 3:2 in mixed N,N-
dimethylformamide (DMF, 99.8%, VWR Chemicals) and
dimethyl sulfoxide (DMSO, 99.7%, Sigma-Aldrich) solvent. The
fully dissolved precursor solution (orange-red color) was filtered
using a syringe filter of PTFE-H (pore size 0.22 um) in Fig-
ure S1A. Before the deposition of the MHP precursor solution
onto the cleaned ITO substrates, the substrates were treated
with UV-ozone (UVO). The MHP precursor solution was spin-
coated onto the UVO-treated ITO substrates at 1000 r/min for
10 s and 5000 r/min for 30s. At 10 s after the start of the second

spin-coating step, diethyl ether (99.8%, VWR Chemicals) was
dripped onto the wet film, and the as-spun film was annealed at
100°C for 15 min on a hot plate. The MHP film stacked on the
ITO glass substrate showed an orange-red color in Figure S1B.
All the precursor preparation and fabrication processes were
done in an Ar-filled glove box. Finally, we deposited 100 nm of
silver (Ag) top contacts onto MHP-coated ITO substrates by
thermal evaporation using a dot-shaped shadow mask.

2.2 | Device Structure and Characterization

The MHP-memristor schematic device configuration used in
this study is shown in Figure 1A, and the real device picture is
shown in Figure 1B. Electrical measurements using the fabri-
cated memristor are carried out with the aid of the selected
electrical measuring units. The fabricated memristor possesses a
square shape with the dimensions of 2.0 cm X 1.5 cm cut from
an ITO/glass substrate. The silver electrodes on the surface in
the form of a dot-shaped with a diameter of 200 um are used for
the terminal contacts of the memristor, as shown in Figure 1B.
To characterize the electrical behaviors, the memristor term-
inals are contacted with needles in the probe station, used for
the measuring setup, which is shown in Figure 1C. Dark con-
ditions were maintained during the testing. A KEYSIGHT
Semiconductor Analyzer Source (B1500A series), connected to
the needles and probe station, was used to provide the electrical
stimulus and measure simultaneously. The XRD patterns of
Cs3BiyI¢Br; film on an ITO/glass substrate (Figure S1B) were
obtained with a CUBIX XRD DY0822 X-ray diffractometer (Cu
Ka radiation, wavelength =1.54056°) from PANalytical Ltd.
The scan was performed in the 26 range from 10° to 70° with
0.02°, as shown in Figure 1D. The XRD patterns were well-
matched with the previous reports of a trigonal space group
P3m1 [26-29].

To evaluate the thickness and uniformity of the spin-coated
Cs;3Bi,I¢Br; perovskite layer, we performed both 3D optical
profilometry and cross-sectional SEM imaging. The results
(Figure 2) confirm a uniform film with an average thickness of
approximately 150 nm across multiple batches. This uniformity
is further supported by consistent switching behavior observed
across 125 memristor cells distributed across a 1.5cm X 2.0 cm
substrate, indicating high reproducibility and spatial uniformity
of the active layer.

3 | Modeling
31 | MHP Memristor Model

Resistive switching systems have been studied for a long time,
and scientists are still working to explore new possibilities in
this technology [30]. These systems have been widely recog-
nized as memristors in recent years, based on Chua's theory
[31]. A memristor is a special type of system that has memory
and changes based on one or more state variables, referred to as
X; [32]. These variables are essential for predicting the future
behavior of the system based on its current state and inputs
[33]. To describe the typical behavior of memristors, we define a
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FIGURE1 | (A) Schematic diagram of MHP memristor, (B) top view of MHP memristor, (C) measuring setup used in this study, and (D) XRD
patterns of MHP Film deposited onto ITO/glass substrate.
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FIGURE 2 | (A, B) Film thickness measurements of spin-coated Cs;Bi,IsBr; perovskite layers from two separate batches using 3D optical
profilometry, showing an average thickness of ~150 + 10 nm. (C) Cross-sectional SEM image of the MHP layer on ITO/glass substrate, showing a
thickness of ~145.1 nm. (D) Surface SEM image demonstrating uniform morphology across the device area.
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general model for memristive devices. We introduce Equation
(1) to create the standard framework [32, 34] for a voltage-
controlled memristor as shown below:

dv
Lt = Cn— + G(V, X)) ¢Y)
dt
dx:
- H V, Xx; 2
Ty, V., x) 2

In this model, 7o, G(V, x;), and H(V, X;) represent the kinetic
time constant, the general conduction function, and the general
adaptation function, respectively. Cy, is an intrinsically constant
capacitance that generates a fast capacitive current within the
device. Equations (1) and (2) show that the device's current
depends not only on the applied voltage but also on its internal
state and its dynamics. Equation (2) further clarifies that
changes in this internal state are influenced by both the current
state and the external stimulus. To describe an MHP memristor,
we define a specific conduction function in which the con-
ductance varies between a minimum value g and a maximum
value gy, as determined by a state variable x that ranges from 0
to 1 [35, 36]. Therefore, the current is expressed as follows:

du
Lot = Cma + [gL + (gH - gL)x]u (3)

Since we have already changed the notation from V, representing
the externally applied experimental voltage, to u, denoting the
internal voltage of the device, we thereby disregard any potential
small series resistance that may be present. In this way, the change
in the system conductance, and consequently the electrical behavior
of the memristor, is entirely determined by the state variable x.
When x reaches its maximum value (x = 1), the system attains its
highest conductance g;;, whereas when x is at its minimum value
(x = 0), the device operates at its lowest conductance g; . As pre-
viously mentioned, this variable varies as a function of the applied
voltage and also exhibits an intrinsic voltage-dependent dynamic
behavior. The stationary form of this variable as a function of
voltage can be described as follows [35, 36]:

1
Xss(u) = Y 4
1+€e Vm

It is a typical sigmoidal function with an onset parameter Vi
and steepness Vp,.

Thus, the system will not only transition between these two
conductance states but will also be capable of achieving a
continuum of intermediate states, which is crucial for synaptic
operations. To complete the model, it is required to establish the
time evolution equation that defines the dynamic response of x
to the applied voltage. From Equation (2), we write [35, 36]:

rx(u)% = xyo(U) — X )

where the dynamic behavior of the state variable in our device,
relative to the steady-state value it should attain, is entirely

determined by a voltage-dependent relaxation time z.(u). In
MHP memristors, significant variations in relaxation times can
occur, allowing the device's volatility degree to be adjusted [37].
To describe this behavior, we make certain modifications to the
general model developed by Bisquert et al. [35], obtaining the
following expression:

_ u—VOFF
_ Tmax + Tmingrr € - Tmax — Tminon (6)
() = Uu=VOFF - u=VoN
l+e 1+e w

The voltage dependence of 7, (u) is affected by several key fac-
tors: the maximum (Tmax) and minimum (Tminge a0d Tmingy)
kinetic time constants, the threshold RESET voltage (Vorr)
along with its corresponding ideality factor (V_), and the
threshold SET voltage (Von) with its associated ideality factor
(V4). The influence of these parameters on the switching
behavior is detailed in reference [35], where we have modified it
to independently describe the minimum time required for the
rupture and formation of the high-conductance state. Specifi-
cally, we have replaced the 7y, factor from the previous model
with Tmingee and Tming, On either side of the maximum
response time.

3.2 | Definition of an MHP Memtistor
Relationship in Verilog-A

Verilog-A, a subset of Verilog-AMS, is a hardware description
language designed for users of SPICE class simulators to create
models for simulations. Unlike regular programming languages,
Verilog-A is specifically made for describing analog hardware,
while Verilog mainly describes digital hardware. As an
industry-standard for modeling analog circuits and part of
Verilog-AMS, Verilog-A helps represent complex MEMS
designs. It provides a high-level framework using modules to
describe the structure and behavior of analog systems across
electrical, mechanical, fluid dynamic, and thermodynamic
domains [38].

Here, we aim to implement Equations (3)-(6) in Verilog-A code.
These equations describe a memristor device, a key electronic
component whose resistance changes based on the history of
applied voltages. They capture the behavior of the memristor
within an analog circuit environment, detailing the currents
through components, such as capacitors, resistors, and the mem-
ristor itself, as well as their relationships to voltages and con-
ductance. Additionally, the equations model the evolution of
internal states within the memristor, represented by variables,
such as “xg” and “r,” which influence its behavior over time.

Since the code includes two derivative definitions, we define
two virtual nodes. The current through a memristor depends on
its conductance, the voltage across it, and the voltage across an
internal node. In these equations, the state variable (xy) of the
memristor is based on a sigmoidal function, representing the
internal state of the memristor, which influences its behavior.
The Memristor State Transition Equation (7) describes how the
memristor transitions between different states based on its
voltage.
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After explaining the theoretical framework and illustrating the
model characteristics in the Cadence software, we use our
biological-inspired model to replicate the results obtained from
the MHP-based memristor described in reference [10]. A two-
terminal element was created using a Verilog-A model, which
serves as the foundation for capturing the basic features and
functions of a memristor. The main goal of this approach is to
understand and analyze the complex behavior exhibited by the
memristor in the circuit. By making the memristor the central
element, various operational scenarios are applied to thor-
oughly examine its behavior.

4 | Result and Discussion

4.1 | Experimental I-V Characterization

In the characterization of the I-V curve for the ITO/
Cs;3Bi,I¢Brs/Ag device, the voltage was applied to the top Ag
electrode with a 200 um diameter while the bottom ITO elec-
trode was grounded. A direct current (DC) voltage sweep was
administered in the sequence 0V->+1.0V->0V > -1.5V->0V
at a compliance current of 1 mA in Figure 3. The I-V charac-
terizations were conducted using a semiconductor analyzer
(B1500A, KEYSIGHT), utilizing a two-electrode configuration.
Measurements were taken under dark and ambient conditions
at a sweep rate of 100 V/s with a voltage step size of 0.01 V. The
MHP memristor device shows the typical bipolar resistive
switching behavior with the forming step at the first sweep for
stable initialization of the resistive switching. The resistance
state transitions from the high-resistance state (HRS) to the low-
resistance state (LRS) in the positive voltage region, represent-
ing the SET process, while the opposite transition corresponds
to the RESET process. After the initial forming step, the MHP
memristor underwent repeated resistive switching, as shown in
Figure 3A. To evaluate the reproducibility of MHP-based
memristors, we analyzed random I-V sweeps from 15 differ-
ent devices fabricated in separate batches using the same
method (Figure 3B). The statistics of HRS, LRS, and ON/OFF

(A)

1.2 | pgics 81,1 Br,/ITO
0.9
06|
0.3
0.0
-0.3
-0.6
-0.9
-1.2

Current (mA)

15 10 05 00 05 10
Voltage (V)

ratio on the device-to-device reproducibility test are presented
as box plots in Figure S2A,B, where resistances were measured
at +0.1 V. The average HRS, LRS, and ON/OFF ratios were
5.44% 10°, 2.72 X 10%, and 2.56 x 10° Q at the forming steps and
3.59 x 10°, 2.21 X 10%, and 2.02 X 10" Q at the switching steps.

Additionally, cell-to-cell reproducibility tests were conducted to
further examine the consistency of the memristor's perform-
ance, as shown in Figure S2C,D. The statistics of the cell-to-cell
reproducibility test were obtained by measuring 30 different
cells within a single device, using the same reading voltage of
+0.1V. The statistical average HRS, LRS, and ON/OFF ratios
were each 4.19 X 10°, 3.55 x 10%, and 1.98 x 10> Q at the forming
steps and 4.07x10°, 2.16x10% and 1.98x10" Q at the
switching steps. The statistical analysis of randomly selected
I-V sweeps from both device-to-device and cell-to-cell repro-
ducibility tests confirmed the reliable performance of the MHP-
based memristor. Furthermore, to assess device stability, 40
consecutive I-V curves were measured, as shown in Figure S3.
Even after 4 weeks of air exposure (room temperature and
ambient conditions), a slight increase in current was observed
due to degradation. However, the bipolar resistive switching
properties remained intact, despite the absence of encapsulation
for the MHP layer.

Although halide vacancy migration is often associated with
degradation in perovskite optoelectronic devices, in MHP
memristors, it serves a functional and controllable role in en-
abling resistive switching. Under an applied electric field, halide
vacancies migrate locally, facilitating the formation and rupture
of conductive filaments that define the high- and low-resistance
states. This process is experimentally confined using a compli-
ance current, which prevents excessive defect accumulation
during electrical cycling. To validate the stability and non-
volatile behavior of this mechanism, we conducted a series of
experimental tests summarized in Figure 4. The log-scale I-V
hysteresis curve (Figure 4A) demonstrates bipolar switching,
where the device maintains its LRS even after the voltage sweep
is reversed, unless a RESET voltage is applied, highlighting its

(B) .

¥ T
1.2+ 15 Different devices |
09+t -~

0.6] i
0.0}
_03 _ i
06/
09l i
12[ ‘ i

-15 10 -05 00 05 1.0
Voltage (V)

Current (mA)

FIGURE 3 | Characterization of the I-V curves for the Ag/Cs;Bi,I¢Brs/ITO device, which is applied with +1.0 V for SET processes and —1.5V for
RESET processes at a compliance current of 1 mA. (A) 10 repetitive cycles in one cell and (B) Random cycles collected from 15 devices in different

batches.
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evolution during retention testing, demonstrating stable LRS retention under periodic read pulses (+0.03 V every 20s, scan rate: 0.02s). (C) Long-
term retention performance measured by applying +1.0V (SET) and —1.5V (RESET) pulses and reading at +0.1V, confirming the nonvolatile

stability of both resistance states.

intrinsic nonvolatility. The time-resolved retention test
(Figure 4B) further confirms this by showing stable current
under repeated +0.03V read pulses every 20s. In addition,
long-term retention measurements (Figure 4C), performed by
applying +1.0 V (SET) and —1.5V (RESET) pulses and reading
at +0.1V, show consistent and distinguishable resistance levels
over time for both states. Collectively, these results provide
strong experimental evidence that the device reliably preserves
its resistance state, demonstrating robust nonvolatile memory
performance and operational stability suitable for memory
applications.

The methodology ensured precise control and measurement of
the electrical properties, facilitating an accurate analysis of
the device's performance under the specified conditions.
Figure 5A,C,E shows the applied voltage and measured current
of the devices under continuous current sweeping at scan rates
of 500, 100, and 50 V/s, between —1.5 and +1.0V, in the dark
environments. The measured current vs. applied voltage under
the same conditions is presented in Figure 4B,D,F.

Also, Figure S4 shows the different I-V curves experimentally
(Figure S4A) and through simulations (Figure S4B) at varying
scan rates from 10 to 500 V/s. In practice, the device shows a
cutoff by using a compliance current to prevent deterioration
caused by excessive current in Figure S4A. In addition, the gra-
dient change trend with different scan rates is consistent with
both the experimental I-V curves and the simulated models.
Typically, the curve shows a gradual increase in conductivity
with rising voltage, indicating the memristor's transition from
HRS to LRS. This transition is reversible, as evidenced by the
loop-shaped hysteresis, where the current response depends on
the previous voltage history. Hysteresis is typically observed in
the I-V curve for this configuration, with a distinct separation
between the forward and backward scans, even when measure-
ments are conducted in the dark to exclude the photo-responsive
possibility of MHPs. I-V hysteresis was also scanned under
illumination using a white light source equipped on the probe
station for contacting the cells, as shown in Figure S5. Under
illumination, the hysteresis I-V curve of MHP-based memristors
can change due to the interaction of photons with the perovskite
material. Photon absorption leads to the generation of electron-

hole pairs within the MHP layer, significantly altering its elec-
trical properties. This phenomenon results in a reduction in
resistance at lower applied voltages compared to the dark con-
dition, indicating an increase in conductivity. The extent of this
change is influenced by factors such as the intensity, wavelength,
and duration of light exposure, as well as the specific composi-
tion and morphology of the MHP material [39]. Moreover, the
shape and size of the hysteresis loop provide critical information
about the memristor's stability and performance under different
lighting conditions. Variations in the loop's area or asymmetry
indicate the device's sensitivity to light, which is essential for
applications such as optoelectronic memories and neuromorphic
computing [40, 41].

The hysteresis behavior is complex, showing significant varia-
tion with different scan rates. This type of hysteresis is closely
linked to the presence of both capacitive and inductive currents
[42]. The concept of a chemical inductor refers to a class of
dynamic phenomena typically driven by chemical reactions that
produce a formal inductive response in impedance and tran-
sients, independent of electromagnetic effects. The inductance
is incorporated into the middle element of Figure S6, repre-
sented by the x function in our memristor model. This x func-
tion plays a key role in defining the system's behavior, linking
the inductance to the memristor's internal state and conduction
mechanism.

In halide perovskites, this chemical inductance is associated
with slow ion-controlled electronic phenomena occurring in the
active layer of the device. In MHP memristors, migrating ions
that reach the external contacts generate a capacitive current as
the contacts compensate for their charge to maintain electro-
neutrality, essentially acting like a capacitor [43]. In these ma-
terials, the capacitance also varies with external stimulus
intensity, showing an increase in electrically induced capaci-
tance. Various species, such as halide vacancies, cations, and
electrochemically active metal ions, migrate at different rates
under an applied external voltage [9, 44]. Halide vacancies are
the fastest migrating species in MHPs. When a positive voltage
is applied at the silver electrode, halide vacancies move towards
the electrode, leading to a surplus concentration of halide an-
ions from the electrode/MHP interface. Conversely, the same
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process happens in reverse when a positive voltage is applied at
the opposite contact [45, 46].
4.2 | Simulation Results

According to Equations (3)-(6), various parameters are used to
describe the behavior of the memristor. Table 1 presents the

definitions, values, and units of these parameters. By examining
the shape and characteristics of the I-V curve at different scan
rates and various maximum applied voltages obtained from
experimental measurements, key parameters can be extracted.
We choose parameters from the model's characteristic func-
tions, as listed in Table 1, to simulate electrical measurements
that replicate the experimental trends observed in the electrical
measurement presented in Figure S6 of MHP memristors.
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TABLE 1 | Definition, unit, and value of parameters describing the MHP memristor.
Parameters Definition Unit Value
Cm Internal device capacitance (nF) 0.20
g Low conductance (mS) 0.15
o High conductance (mS) 6.00
Vin Threshold voltage W) 0.10
Vi Voltage modulation factor W) 0.06
Timax Maximum state transition time (s) 1500
Vorr Voltage offset for state transition W) —0.20
V. Voltage offset factor for state transition W) 0.03
Tminogr Minimum offset state transition time (ms) 5.00
Von Voltage onset for state transition W) 0.16
Vi Voltage onset factor for state transition W) 0.0
Tminox Minimum onset state transition time (ms) 1.10

4.2.1 | I-V Characterization

After establishing the theoretical framework and demonstrat-
ing the model's characteristics, we apply our biologically
inspired model to replicate the experimental results obtained
from the MHP-based memristor discussed in the previous
section.

For this purpose, we will plot the same experimental responses
obtained in the previous section but using the parameters
derived from the model. Initially, we simulated the transient
response of the output current alongside the input voltage.
Figure 6A,C,E confirms that the memristor behaves as a non-
linear resistor as designed. Additionally, these figures reveal
that the resistance of the memristor varies depending on the
range, polarity, and duration of the applied voltage, as discussed
in the previous section for the experimental results and repli-
cating them. To further analyze the behavior of the MHP-based
memristor, we also generated a hysteresis plot by plotting cur-
rent vs. voltage. This plot, shown in Figure 6B,D,F highlights
the memristor's distinctive hysteresis characteristic, again rep-
licating the previous experimental results, which is a hallmark
of memristive behavior.

To further validate the model's applicability, the supporting
information includes Figure S4B, which compares simulated
results with experimental data for the device at different scan
rates. The model successfully reproduces the experimental
hysteresis behavior across varying voltage sweep rates, includ-
ing the onset shifts and current decay trends. Minor discrep-
ancies between simulation and experiment may result from
compliance with current constraints and the inherent simplifi-
cations in the state-variable dynamics.

Additionally, Figure S7 presents the steady-state system state
variable xg and the system response time 7., as defined by
Equations (4) and (6), respectively, plotted against voltage. In all
simulations, the same parameter values listed in Table 1 were
consistently used.

The origin of the hysteresis can be attributed to several
factors: (a) defect density within the perovskite layer or at
its interfaces, (b) interstitial ion migration, and (c) dipole
polarization induced by the ferroelectric properties of MHP
materials [47]. The hysteresis loop signifies the presence of
memory effects in the device, where the current response
depends not only on the applied voltage but also on its
history. The shape and area of the loop offer insights into
the switching dynamics and resistive states of the memris-
tor, highlighting its potential for nonvolatile memory ap-
plications. Furthermore, the observed hysteresis behavior
reinforces the memristor's suitability for neuromorphic com-
puting and adaptive electronics.

To investigate device scalability, we fabricated additional MHP
memristors with top electrode diameters of 50 and 100 um, in
addition to the 200 um reference devices. As shown in Fig-
ure S8, all sizes exhibited stable bipolar switching behavior with
similar ON/OFF ratios, demonstrating the feasibility of scaling
down the device dimensions toward CMOS-compatible
geometries.

4.2.2 | Effect of Scan Rate and Voltage Amplitude

Regarding the adequacy of the experimental results to the
model and simulations, we observe that, while not exactly
identical, they follow the same trend, exhibiting two distinct
conductance states and transitioning between them with a
relaxation time and a memory-dependent variable. When the
variable x changes rapidly, it lacks sufficient time to adapt to the
expected conductance states due to the relaxation time. Con-
sequently, the maximum and minimum current values are
constrained, reducing the hysteresis loop area in both height
directions. Conversely, when the variable evolves more slowly,
it has ample time to fully transition to the appropriate con-
ductance state, thereby increasing the maximum and minimum
heights of the hysteresis loop.
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voltage.

Thus, the scan rate, or the rate at which the voltage is swept,
significantly impacts the hysteresis loop of a perovskite memristor.
At lower scan rates, the ions and defects within the perovskite
layer have sufficient time to respond to the changing voltage,
resulting in a higher but narrower hysteresis loop, indicating a
strong memory effect [48], but lower synaptic learning capacity.
The slow scan rate allows for better alignment of dipoles and
migration of ions, contributing to a more stable and larger

hysteresis high. As the scan rate increases, the ions and dipoles
have less time to align or migrate fully in response to the voltage
changes, making the hysteresis loop wider and smaller and the
memory effect less pronounced. At high scan rates, the voltage
changes too rapidly for the ions and dipoles to respond effectively,
leading to a wider and smaller hysteresis loop, indicating a weaker
memory effect [45, 49], but greater synaptic learning capacity.
Thus, the scan rate can be used to tune the hysteresis properties of
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the perovskite memristor, which is important for applications
requiring specific memory, switching characteristics, and synaptic
properties [10, 50].

Figure S4 illustrates the scan rate-dependent characteristics of
the I-V curves, providing insight into the inductive response of
the MHP-based memristor. As the scan rate increases, the for-
ward scan current decreases, and the hysteresis width narrows.
This behavior is attributed to changes in memristor conduct-
ance, where higher frequencies limit ion migration and charge
redistribution. Understanding and controlling both the scan
rate and input voltage frequency enables the optimization of
MHP-based memristors for applications requiring precise
memory retention and switching properties.

In the following analysis, we examined the impact of varying
the input voltage range on current characteristics. Figure S9
presents the I-V curves under different voltage ranges at a
constant scan speed of 100 V/s, spanning +0.5 to +2.0V in the
positive region and —0.75 to —3.0V in the negative region,
shown on a linear scale. The applied voltage amplitude signif-
icantly influences the hysteresis loop, affecting switching
thresholds and saturation currents, which reflect the nonlinear
and adaptive nature of MHP-based memristors. This voltage-
dependent modulation highlights the sensitivity of these devices
to external electrical stimuli, impacting their stability, switching
dynamics, and potential applications in neuromorphic com-
puting [51, 52].

4.2.3 | IMPLY Gate Implementation

IMPLY logic, also known as implication or conditional logic, is
a fundamental concept in mathematics and computer science. It
involves a compound proposition with an antecedent (“if” part)
and a consequent (“then” part), where the IMPLY operator
dictates that if the antecedent is true, the consequent must also
be true. If the antecedent is false, the truth value of the com-
pound proposition is indeterminate. This logic is crucial for
decision-making and problem-solving in digital circuit design,
programming, and artificial intelligence [53]. The truth table
and circuit symbol of the IMPLY gate are shown in Figure S10.

IMPLY logic implemented with memristors is an innovative
method that uses the unique properties of memristive devices to
perform logical operations. Memristors are electronic compo-
nents whose resistance changes based on the history of applied
electric fields, effectively remembering their previous states.
This ability makes them suitable for mimicking synaptic
behavior in neuromorphic computing and for implementing
various types of logic, including IMPLY logic. In IMPLY logic
with memristors, the state or conductance of the memristor
represents the truth values of the antecedent and consequent
propositions [54]. In the IMPLY gate, the states of the mem-
ristors (Rorr and Roy) correspond to the logical state variables
(0 and 1), respectively. As shown in Figure S11, the gate consists
of two memristors labeled P and Q, along with the resistor Rg.

As shown in Figure 7A, a schematic circuit has been designed
based on a Cadence software IMPLY gate in Figure S11. The
conductance of the memristor is modulated based on the input

conditions and its historical states. When the antecedent con-
dition is satisfied (e.g., input Vi, is true), the memristor adjusts
its conductance accordingly. Subsequently, the conductance
state of the memristor influences the output condition (e.g.,
output Vi,, is true). If the antecedent condition is met
(memristor conductance corresponds to input Vi, is true), the
memristor transitions to a state representing a true output
(consequent). Conversely, if the antecedent condition is not
met, the memristor remains in a state where the output con-
dition is undetermined.

To implement the logic depicted in Figure 7A, the circuit was
connected to a differential pair followed by a buffer circuit as
shown in Figure 7B. Figure 7C illustrates the input to the
memristors and the final output of the circuit, demonstrating
that the truth table requirements shown in Figure S10 are met.
Additionally, Figure 7D presents the branch voltage Vr, which
is the main voltage value of the memristor (Q or P) before the
amplifier stage. It is evident that the input variations for each
memristor differ across various modes.

In this context, the memristive properties of perovskites,
including their nonvolatile resistance switching and high on/
off ratios, play a critical role in ensuring reliable logic gate
functionality. These results are significant as they demon-
strate the potential of MHP-based memristors for use in logic
circuits, which can lead to more energy-efficient and scalable
computing architectures. The experimental setup involved
characterizing the input-output relationships and ensuring
the stability of the memristive states under repeated switch-
ing conditions. The data, as shown in Figure 7, corroborate
the theoretical expectations and suggest that the unique
electronic properties of perovskites could be harnessed to
develop advanced computational elements. This study con-
tributes to the growing body of evidence supporting the fea-
sibility of integrating MHP memristors in next-generation
memory and logic devices.

4.2.4 | Logic Gates Implementation

The memristor's resistance changes as current flows through it.
In the memristor-based logic system, resistance changes are
converted into voltage to represent logical values. Memristors
can easily work with standard CMOS technology and serve as
adjustable switches. These circuits save space and energy
because they use fewer transistors, which enhances their
functionality and increases the number of logic operations they
can perform. Boolean logic gates, such as AND and OR, can be
constructed using two memristors with opposite charges placed
side by side.

The AND logic gate can be implemented using two memristors
connected in parallel as shown in Figure 8A. In this context, we
assign the high voltage (Vhign) to the binary state “1” and the
low voltage (Viow) to the binary state “0.” When both inputs
are the same, for example, Vi, =1 and Vi,g =1, there is no
voltage drop between the two terminals, and no current flows
through the device. As a result, the output will match the in-
puts. The output expression for the AND gate for asymmetric
inputs is provided in Equation (7). Figure 8B illustrates a logic
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FIGURE 8 | Implementation of logic gates using perovskite memristors: (A) AND gate and (B) OR gate.

OR gate implemented using two memristors. A logic OR oper-
ation using a memristor can be implemented similarly to an
AND gate, but with opposite polarity. The output voltage for the
OR gate for asymmetric inputs is given in Equation (8).

RLRS
Vist = ———————Vhioh & W 7
out RLRS T RHRS high low ( )
Rurs
Vour = ———————Vhion ® Vi 8
out RLRS T RHRS high high ( )

In OR and AND gate circuits, the output signals are generated
using voltage dividers, which can slightly weaken the signals.
According to Equation (8), the output voltage is almost equal to
the high voltage “1,” but this minor drop does not have a sig-
nificant impact on a single AND or OR gate. However, as the
circuit complexity increases and multiple gates are cascaded, this
signal degradation can accumulate, potentially affecting overall
circuit performance. To address this issue, we can use a buffer in
CMOS technology. Buffers help restore signal strength, ensuring
reliable logic levels throughout the circuit. Additionally, placing a
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NOT gate at the output of AND or OR gates not only solves this
problem but also allows for the creation of NAND and NOR
gates. Figure 9A demonstrates the implementation of a gate
using an inverter in CMOS technology. As illustrated by the
voltage diagram of the output node in Figure 9B, the logic
operation of the gate is confirmed. This approach not only im-
proves signal integrity but also expands the versatility of basic
logic gate designs. Here, a threshold voltage of 0.5V is used to
define the logic levels. Voltages greater than 0.5V are interpreted
as logic high (1), while voltages less than 0.5V are interpreted as
logic low (0).

Figure 9C illustrates the output voltage (V) of the AND gate
before the inverter stage. As expected, the voltage at this point
represents the inverse of the circuit's binary logic output.
Additionally, the voltage response reveals the presence of a
glitch. A glitch is observed at the output of the gate during the
simultaneous transition of its two inputs. This phenomenon
occurs when one input switches from a high state to a low state
while the other input transitions from a low state to a high state.
The root cause of the glitch lies in the propagation delay dif-
ferences within the gate. During this brief period, the inter-
mediate nodes within the gate's logic circuit may temporarily

(A)
V.A [>—o—
>

‘/Iow
Vdd Vout

Voltage (V)

5 10
Time (s)

Voltage (V)

assume unintended logic levels due to the misalignment in the
arrival times of the input signals. As a result, the output
momentarily deviates from its expected stable state, producing a
transient voltage spike commonly referred to as a glitch. This
behavior is particularly prevalent in circuits where the input
signals have closely matched but not identical timing char-
acteristics [55].

4.2.5 | Logic Circuit Implementation

In this section, the feasibility of creating complex digital logic
circuits using MHP-based memristors is examined by investi-
gating two different circuits.

4.2.,5.1 | 1-Bit Numeric Comparator. A comparator is a
fundamental component in digital circuits, designed to compare
two binary inputs and determine their relationship. Specifically,
a 1-bit numeric comparator compares two single-bit inputs
(A and B) and produces outputs indicating whether A is greater
than, less than, or equal to B. Comparators are essential in a
wide range of digital applications, including arithmetic opera-
tions, sorting algorithms, and decision-making processes in

0 5 10
Time (s)

FIGURE 9 | (A)Implementation of NAND gates using MHP-based memristors. (B) Inputs and outputs of NAND gates. The output voltage result
precisely matches the expected values according to the NAND gate truth table. (C) The actual AND gate output voltage before the inverter stage.
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digital systems. They are integral to the functioning of various
digital logic circuits, enabling complex operations such as
magnitude comparisons, equality checks, and conditional
branching, which are foundational to computer architecture
and digital signal processing. A 1-bit comparator functions by
evaluating the relationship between two binary inputs, A and B.
The comparator generates three possible outputs: A > B, A <B,
and A = B. These outputs are derived through a combination of
basic logic gates.

Implementing a 1-bit comparator using memristors offers several
advantages over traditional CMOS-based designs, particularly when
using advanced materials like perovskite. One significant benefit is
size compared to the circuit based on CMOS gates and the potential
for increased integration density. Figure 10A shows the designed
circuit for the 1-bit comparison operation. This circuit includes four
NMOS transistors and four memristors. In this circuit, we consider
a high voltage as a logical one and a low voltage as a logical zero.
The table shown in Figure 10B indicates the conditions of all three
output ports based on the voltage applied to the input pins. When
both input voltages are the same, all transistors will be in the same
state, and the A = B output will follow the V4. When both inputs
are low, all transistors will be off. Conversely, when both inputs are
high, the upper transistors turn on. It is worth mentioning that
when the transistors are on, there will be a slight voltage drop at the
A =B output. Here we have defined a reference voltage of 750 mV
to determine the high and low states. On the opposite side, if the
inputs are symmetrical, the corresponding (A < B and A > B) out-
puts are connected to each input. Figure 10C shows the A=B

output voltage in different input modes (A and B). We consider any
voltage higher than the reference line to be a logical one, and any
voltage lower than the reference line to be a logical zero.

4252 | Full Adder. A full adder is a fundamental
building block in digital circuits, responsible for performing the
arithmetic operation of addition on three input bits. Specifically,
it adds two significant bits and an additional carry bit from a
previous operation, producing a sum and a carry output. The
full adder is essential in constructing arithmetic circuits, such as
adders in processors, which enable the addition of multi-bit
binary numbers by cascading multiple full adders in series. It is
a critical component in the design of more complex arithmetic
operations and is foundational to various digital logic circuits,
making it indispensable in modern computing systems. A full
adder is a digital circuit that performs binary addition on three
inputs: two binary digits (A and B) and a carry-in bit (Cy,). It
outputs a sum bit (S) and a carry-out bit (Coye). The sum is
calculated using an XOR operation on A, B, and Cj,, while the
carry-out is determined using a combination of AND and OR
gates. The full adder enables multi-bit binary addition by
cascading multiple adders, making it essential in arithmetic
logic units (ALUs) and other computational circuits [56].

Implementing a full adder using memristor gates offers several
advantages that can revolutionize digital circuit design. Mem-
ristors inherently retain their resistance state even when power
is removed, eliminating the need for additional memory storage
elements. This nonvolatility reduces the circuit's overall

(A) A (B)
B » ® D
A B | A>B A<B | A=B
LOW | LOW | LOW | LOW | HIGH
e LOW | HIGH | LOW | HIGH | LOW
\F-l HIGH | LOW | HIGH | LOW | LOW
% L % L HIGH | HIGH | LOW | LOW | HIGH
GND GND —
A>B
= Vdd (C) AB=00
A<B 0.9 =
—
> AB=11
ﬂ) region|
—_—l— m * LOW region
V1 2
o
I L S
> 05
AB=10
GND GND
A=B 0.3 s
0 0.01 0.02
Time (s)
FIGURE 10 | (A) 1-bit comparator circuit using MHP-based memristors, demonstrating a compact design compared to CMOS-based circuits.

High and low voltages are defined as logical 1 and 0, respectively. (B) Truth table showing output conditions for ports A =B, A < B, and A > B based

on input voltages. (C) A = B output voltage for different input modes.
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complexity and power consumption, making the system more
efficient. Additionally, memristors can be fabricated at a very
small scale, allowing for higher integration density compared to
traditional CMOS-based logic gates. This property enables the
creation of more compact full adders, paving the way for the
development of ultra-dense memory and logic circuits in future
computing systems. Furthermore, memristor-based circuits
typically consume less power compared to their transistor-based
counterparts, which is particularly advantageous in applications
where energy efficiency is critical, such as in portable electronic
devices and large-scale data centers. Additionally, the switching
speed of memristors is comparable to or faster than that of
traditional transistors, which translates to faster computation
times in digital circuits [57]. This feature is crucial for
high-speed arithmetic operations, making memristor-based
full adders highly suitable for high-performance computing

(A)

applications. By leveraging these advantages, the design of a full
adder using memristor gates not only demonstrates the feasi-
bility of memristor-based logic gates but also highlights the
potential for significant improvements in computational effi-
ciency, circuit density, and energy consumption. These benefits
position memristor technology as a promising alternative to
conventional digital circuit design, particularly in the context of
next-generation computing architectures.

The schematic diagram of a 1-bit full adder designed using a CMOS
inverter is illustrated in Figure 11A. The design incorporates six
AND logic gates using memristors, three OR logic gates also based
on memristors, and four CMOS inverters. In this design, we have
matched the output voltage levels of the gates to the input
logic levels by using voltage buffers. As the results presented in
Figure 11B show, the correctness of the full adder circuit,
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FIGURE 11 | (A) Schematic diagram of a full adder designed using AND and OR gates based on MHP-based memristors. (B) Inputs (4, B, and
Cin) and output voltage levels for SUM and C,,, confirming the correct operation of the full adder circuit based on the applied input bits.
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based on the applied input bits, can be confirmed by the
voltage levels in the two outputs: SUM and Coye.

4.2.5.3 | Multiplexor. A multiplexer, or “mux,” is a funda-
mental digital circuit that selects one of several input signals and
forwards the chosen input to a single output line. It acts as a data
selector, allowing multiple input signals to share a single commu-
nication channel or resource, effectively reducing the number of
data paths needed. Multiplexers are essential components in digital
circuits because they enable efficient data routing in systems like
processors, communication devices, and memory management,
where space and power efficiency are crucial. As shown in
Figure 12A a multiplexer uses select lines, which are binary signals,
to determine which input signal should be connected to the output.
For an m-to-1 multiplexer, there are 2™ input lines and m select
lines. The selected lines are used to form a binary number that
determines which input is chosen [58].

Memristor-based multiplexers are particularly suitable for high-
speed and energy-efficient computing applications, where per-
formance and power consumption are critical. Another

significant advantage of using memristors in multiplexer design
is their inherent reconfigurability. Memristors can be pro-
grammed to emulate various logic gates, providing flexibility in
circuit design. This adaptability allows a single memristor-based
multiplexer circuit to be reconfigured dynamically, offering
multiple functionalities and simplifying the overall design.

Figure 12B illustrates the implementation of a 4-to-1 multi-
plexer using designed memristors. This design includes four
three-input AND gates in the first stage; each connected to an
input bit and the selector address lines. When both address lines
are in a high-voltage state, the corresponding input data
is transmitted. In the second stage, parallel NMOS transistors
function as OR gates, transferring the outputs of the memristors
to the output stage. Due to a phase shift of 180° introduced
by the transistors, a NOT gate is included in the output stage. In
this design, the V44 is equal to the high voltage of the input
signals, with Rp and Ry, set to 220 Q and 1 MQ, respectively.
Figure 12C shows the input signals, selector signals, and the
output of the multiplexer, demonstrating that the selector signal
determines which input line is transferred to the output.
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FIGURE 12 | (A) A conventional multiplexer diagram illustrating the use of select lines to determine the input-output mapping. (B) Design of a
4-to-1 multiplexer using memristors, showcasing the circuit's stages including three-input AND gates, NMOS transistors, and a NOT gate for phase
correction. (C) Timing diagram displaying input signals, selector signals, and corresponding output, validating the correct operation of the

memristor-based multiplexer.
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FIGURE 13 | (A) Diagram of an SR flip-flop using an MHP-based memristor. (B) Input signals, selector signals, and simulation corresponding to

the output circuit-based SR flip-flop.

4.2.5.4 | SRFlip-Flop. A flip-flop is a basic bistable circuit
used in digital electronics to store a single bit of data, func-
tioning as a memory element that has two stable states. It is a
fundamental building block in sequential logic circuits, which
are essential for storing state information and enabling complex
operations in digital systems, such as data storage, synchroni-
zation, and state machines. Flip-flops are crucial components in
registers, counters, memory devices, and various control circuits
in digital electronics, making them indispensable for a wide
range of computing and communication applications. A flip-
flop works by maintaining its output state until it is triggered to
switch states by an input signal, such as a clock pulse. The most
common types of flip-flops include SR (Set-Reset), D (Data or
Delay), JK, and T (Toggle) [59].

An SR flip-flop with the proposed MHP-based memristor is
designed as shown in Figure 13A based on using memristor
gates. This circuit operates as a memory element that stores a
single bit of data based on the states of the Set and Reset inputs,
controlled by an enable signal. When the enable signal is active
(ENABLE = 1), the flip-flop responds to the S and R inputs to
determine its output states, Q and Q’. As Figure 13B shows, if
SET =1 and RESET =0, the flip-flop enters the set state, mak-
ingQ=1andQ =0.If S=0and R=1, it enters the reset state,
setting Q =0 and Q = 1. When both SET and RESET are 0, the
flip-flop holds its previous state, maintaining its current out-
puts. However, if both SET and RESET are 1, it results in an
invalid state where both Q and Q are 0, which contradicts the
normal operation, as Q and Q' should always be complemen-
tary. This configuration allows the flip-flop to store data based
on input conditions, making it a fundamental component in
digital circuits for data storage and sequential logic.

4.2.6 | Performance Comparison of NMOS and
Memristor-Based Gates

In this section, we provide a comparative analysis of gates im-
plemented using NMOS transistors vs. memristors, focusing on
key performance metrics that are critical to digital logic design.

By leveraging Cadence ADXL for detailed simulations, we
evaluate and contrast these two implementations across several
specifications, including delay, power consumption, noise
margin, and leakage current. This comparison aims to highlight
the advantages and limitations of each technology, offering in-
sights into their suitability for various applications and future
integration into advanced digital systems.

Figure 14A shows the basic NAND gate structure in Resistor-
Transistor Logic (RTL), while Figure 14B depicts the basic AND
gate structure using memristors, as described in Section 4.2.4
(Logic gate implementation). To implement an AND gate in the
RTL class, it is necessary to add an inverter to the circuit shown
in Figure 14A. This addition of an inverter can affect the
parameters being compared. Therefore, we use these two basic
structures as evaluation criteria. The gate designed in Fig-
ure 13A using the CAD simulator with XFAB 180-nanometer
technology includes two NMOS transistors, each with a channel
length of 180 nm, a width of 1 um, and an Rp of 100 kQ. For
both circuits, the input signals are applied similarly, with an
amplitude of 900 mV, with a second for rise and fall time and
periods of 100s and 50s, respectively. Also, the power supply
(V4q) is set to the same as the high voltage value of 900 mV.

For our comparison, the gate implemented with NMOS tran-
sistors and the gate using memristors both have a large prop-
agation delay of approximately 273 ms for NMOS and 21 ms for
memristors. For the propagation delay calculation, the time
interval between the input and output signals is measured at
50% of the maximum pulse amplitude. In this calculation, both
the rising and falling times are set to 1 s. This means the delay is
evaluated based on when the signal reaches half of its maxi-
mum value during both the rise and fall of the pulse. The
observed high delay in the NMOS-based gate can be attributed
to the low supply voltage and input signal voltage levels.
Operating at a supply voltage of 900 mV, the NMOS transistors
experience reduced drive strength, which limits the drain cur-
rent available for switching. This reduced current leads to
longer charging and discharging times of the load capacitance,
directly contributing to increased delay. Additionally, if the
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FIGURE 14 | (A) Basic 2 input NAND gate structure in Resistor-Transistor Logic (RTL). (B) Design of an AND gate using MHP-based

memristors.

input signal voltages are also around 900 mV, the transistors
may not fully switch between their on and off states. This
incomplete switching can cause the transistors to operate in the
linear region instead of the saturation region, further increasing
the delay due to slower transition times.

Power consumption is a critical parameter in evaluating the
efficiency of digital logic gates. It comprises both dynamic
powers, associated with switching activities, and static power,
which arises due to leakage currents when the circuit is idle. In
our simulations over a 100-s period, covering four different
states for each gate type, the memristor-based AND gate ex-
hibited significantly higher power consumption compared to
the NMOS-based AND gate. For the memristor-based AND
gate, the power consumption was measured at 54.53 mW for
Source 1 and 55.17 mW for Source 2. In contrast, the NMOS-
based AND gate showed considerably lower power consump-
tion, with values of 2.53 fW for Source 1, 5.97 fW for Source 2,
and 188 uW for the power supply.

The higher power consumption in the memristor-based gate is
likely due to the intrinsic properties of memristors, which
typically have larger leakage currents and higher static power
dissipation. Memristors also consume more power when
switching due to their resistive nature, contributing to greater
dynamic power consumption compared to the NMOS gate,
which benefits from more efficient switching characteristics
and lower leakage currents. These results highlight the trade-
offs between using memristor-based gates and traditional
transistor-based gates in terms of power efficiency. It should be
noted that, due to the very low resistance of memristors at
similar voltages, a large current passes through them, leading to
increased energy consumption. Therefore, reducing the voltage
range can be helpful in decreasing power consumption. In the
Verilog model defined according to Equations (3)—(6), the effect
of noise is not considered, so more accurate measurements are
needed to account for it. Meanwhile, the high and low noise
margins of the NMOS gate were calculated as 110mV and
504 mV, respectively. On the other hand, since there is no
power supply in the memristor gate, there will be no leakage
current in the idle state. However, in the NMOS gate, the
leakage current in the idle state is 1.15 pA.

Monte Carlo analysis is a statistical technique used in circuit
design to assess the impact of variations in manufacturing

processes, component mismatches, and environmental condi-
tions on the performance of electronic circuits. By simulating a
circuit multiple times with randomly varied parameters, Monte
Carlo analysis provides a comprehensive understanding of how
these variations can affect key performance metrics such as
delay, power consumption, noise margin, and leakage current.
The necessity of Monte Carlo analysis in modern integrated
circuit design stems from the increasing variability in fabrica-
tion processes as device sizes shrink and densities increase.
These variations can lead to significant differences in the
behavior of supposedly identical circuits, potentially impacting
yield and reliability [60]. Monte Carlo analysis allows designers
to predict and mitigate these effects by identifying the statistical
distribution of circuit performance across different process
corners and operating conditions.

Here, we have defined a Verilog-A model for the gate based on
our MHP-based memristor design. This model captures the
idealized behavior of the memristor-based gate without incor-
porating the specific fabrication parameters that would typically
introduce variability into the device's characteristics. Because
the Verilog-A code is an idealized representation, it does not
account for the process variations, mismatches, or environ-
mental fluctuations that are inherent in real-world manu-
facturing and operation. As a result, when we apply Monte
Carlo analysis to the memristor-based AND gate as shown in
Figure 14B using this idealized Verilog-A model, we observe
that the results do not change across different simulation runs.
This lack of variability is because the model does not include
any parameters that would vary from one simulation to
another, such as threshold voltage variations, resistive devia-
tions, or other process-induced discrepancies. While for the
NMOS-based NAND gate presented in Figure 14A, Monte Carlo
simulations typically reveal how variations in manufacturing
processes, such as changes in channel length, oxide thickness,
or dopant concentrations, affect performance metrics like delay,
power consumption, and noise margin.

Because we have used MHP-based memristors to create the
logic gates in this study, the performance is significantly in-
fluenced by the memristor's HRS and LRS. These two resistance
states are crucial as they directly impact the overall function-
ality of the memristor-based gate. To simulate the effects of
process variations on these memristor-based gates, we need to
consider which parameters as presented in Table 1 might
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influence the resistance states of the memristors. By identifying
and varying these parameters in simulations, we can predict
how they might cause unwanted changes in the resistance of
the memristors. This type of analysis allows us to anticipate
potential manufacturing issues and understand the variability
in performance that could arise from such variations.

In Figure 15, the Monte Carlo results for the voltage state of the
gates in Figure 14 are presented. These results demonstrate the
consistency of the gate's performance under various simulated
conditions according to the fabrication process. Figure 15A
illustrates the Monte Carlo results for the NMOS-based gate
over 1000 samples, focusing on the gate output in the high
voltage state. The standard deviation (Std dev) observed in these
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results indicates a very small impact of fabrication conditions
on the output, suggesting that the NMOS-based gate is relatively
robust against variations in the manufacturing process. In this
Monte Carlo simulation, statistical variations were considered
for both process and mismatch modes, and the sampling
method was randomly selected to simulate realistic fabrication
variations. This approach allows for a comprehensive assess-
ment of how process inconsistencies and component mis-
matches can influence circuit behavior.

Figure 15B depicts the Monte Carlo curve for the memristor-
based AND gate, also using 1000 samples. In this gate, for the
same input conditions, the output voltage does not exhibit
changes due to the zero current, indicating that fabrication
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FIGURE 15 | Monte Carlo analysis results showing voltage states for NMOS-based in high state (A) and memristor-based in low state (B) gates

across 1000 samples.
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conditions have no impact on the output under symmetrical
input conditions. However, when the inputs are asymmetrical,
slight variations in output voltage can occur due to the intrinsic
characteristics of the memristor. To capture these potential
changes, a scenario with a nonzero low output mode was tested.
For this purpose, parameters gy, g1, and V, were altered by 2%, a
variation range selected based on the experimental data pre-
sented in the supporting material. The gate output was simu-
lated thousands of times with different permutations of these
parameters, and the results were recorded to analyze the impact
of these variations. The Monte Carlo plot for the memristor-
based gate also shows minimal changes in the results, high-
lighting the stability of the memristor's performance under
slight variations. It is worth noting that within this range of
variability, the changes do not adversely affect the logical
operation of the gate. This indicates that the memristor-based
gate logic is inherently robust to small parameter variations,
ensuring reliable performance even when slight deviations from
the ideal are present.

5 | Conclusion

The research presented in this paper addresses the growing
need for efficient, secure, and scalable memory technologies,
particularly within the context of edge computing and next-
generation digital systems. The study focuses on the develop-
ment and application of MHP-based memristors in logic circuit
design, highlighting their potential to revolutionize computing
architectures. The problem at the core of this study is the need
to overcome limitations in traditional memory systems, partic-
ularly concerning data security and processing efficiency, which
are becoming increasingly critical as data-intensive applications
proliferate.

The key findings from this study demonstrate that MHP-
based memristors not only provide superior resistance-
switching characteristics but also offer significant advantages
in terms of integration with existing CMOS technology,
making them a promising candidate for future memory and
logic applications. The experiments and simulations detailed
in the paper confirm the feasibility of using these memristors
in a variety of logic gate designs, such as IMPLY gates, AND,
OR, and more complex digital circuits like multiplexers and
full adders. These circuits show that memristors can perform
both memory and logic operations, which is crucial for in-
memory computing systems.

The significance of this study lies in its potential to pave the way
for more energy-efficient, compact, and secure digital systems.
By integrating memristors into standard computing architec-
tures, it is possible to reduce the physical footprint of circuits
while improving their performance and security features. The
paper also opens up several avenues for future research,
including the exploration of other MHP materials, further
refinement of memristor models, and the development of more
complex digital systems utilizing this technology. These ad-
vancements could have far-reaching implications for the future
of computing, particularly in areas requiring high-density
memory and low-power consumption.

Acknowledgments

The work was funded by the European Research Council (ERC) via
Horizon Europe Advanced (101097688) (PeroSpiker).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available in Sup-
porting Information S1 of this article.

References

1. M. Zhao, B. Gao, J. Tang, H. Qian, and H. Wu, “Reliability of Analog
Resistive Switching Memory for Neuromorphic Computing,” Applied
Physics Reviews 7, no. 1 (2020): 011301.

2. L. Camufias-Mesa, B. Linares-Barranco, and T. Serrano-Gotarredona,
“Neuromorphic Spiking Neural Networks and Their Memristor-CMOS
Hardware Implementations,” Materials 12, no. 17 (2019): 2745.

3.Z. Wang, H. Wu, G. W. Burr, et al., “Resistive Switching Materials for
Information Processing,” Nature Reviews Materials 5, no. 3 (2020):
173-195.

4.W. Zhang, Y. Li, C. Zhang, et al., “Synchronous Regulation of
Hydrophobic Molecular Architecture and Interface Engineering for
Robust WORM-Type Memristor,” Advanced Functional Materials 34,
no. 42 (2024): 2404625.

5.R. Khan, N. U. Rehman, S. Igbal, S. Abdullaev, and H. M. Aldosari,
“Resistive Switching Properties in Memristors for Optoelectronic Syn-
aptic Memristors: Deposition Techniques, Key Performance Parame-
ters, and Applications,” ACS Applied Electronic Materials 6, no. 1
(2023): 73-119.

6.X. Liu, L. Xiong, H. Zhang, and J. Cao, “New Criteria of Event-
Triggered Exponential State Estimation for Delayed Semi-Markovian
Memristor-Based Neural Networks,” Expert Systems With Applications
224 (2023): 119938.

7.Y.Yu, M. Xiao, D. Fieser, W. Zhou, and A. Hu, “Nanoscale Memristor
Devices: Materials, Fabrication, and Artificial Intelligence,” Journal of
Materials Chemistry C 12, no. 11 (2024): 3770-3810.

8.K. Kang, W. Hu, and X. Tang, “Halide Perovskites for Resistive
Switching Memory,” Journal of Physical Chemistry Letters 12, no. 48
(2021): 11673-11682.

9. S.-Y. Kim, H. Zhang, and J. Rubio-Magnieto, “Operating Mechanism
Principles and Advancements for Halide Perovskite-Based Memristors
and Neuromorphic Devices,” Journal of Physical Chemistry Letters 15,
no. 40 (2024): 10087-10103.

10. C. Gonzales, A. Bou, A. Guerrero, and J. Bisquert, “Capacitive and
Inductive Characteristics of Volatile Perovskite Resistive Switching
Devices With Analog Memory,” Journal of Physical Chemistry Letters 15,
no. 25 (2024): 6496-6503.

11.J. Bisquert, “Hysteresis, Impedance, and Transients Effects in
Halide Perovskite Solar Cells and Memory Devices Analysis by
Neuron-Style Models,” Advanced Energy Materials 14, no. 26 (2024):
2400442.

12. B. Li, W. Hui, X. Ran, et al., “Metal Halide Perovskites for Resistive
Switching Memory Devices and Artificial Synapses,” Journal of
Materials Chemistry C 7, no. 25 (2019): 7476-7493.

13. R. Wang, M. Mujahid, Y. Duan, Z. K. Wang, J. Xue, and Y. Yang, “A
Review of Perovskites Solar Cell Stability,” Advanced Functional
Materials 29, no. 47 (2019): 1808843.

20 of 22

SmartMat, 2025

85U8017 SUOLULLOD BAIERID B|edl dde 2u) Ag peunob 88 9P YO ‘88N JO SaINJ 10} ARe1g 1T 8UIIUO 81/ UO (SUORIPUOD-PUR-SWR}WID B 1M ARe1d 1)U UO//SANY) SUORIPUOD PUE S L 83 885 *[5202/60/€0] U0 ARIq1T 8UIIUO 4811/ * BIDUBIR A 80 BOIUSY IO JBRMSIAIN - 1ienbsig uenr Aq Ze00L ZWWS/Z00T OT/10p/L0d"AB| 1M Ate.q 1 juuo//Sdny Wwoiy papeoumod ‘v ‘S20Z ‘X6T8889C



14. G. Kim, H. Min, K. S. Lee, D. Y. Lee, S. M. Yoon, and S. I. Seok,
“Impact of Strain Relaxation on Performance of o-Formamidinium
Lead Iodide Perovskite Solar Cells,” Science 370, no. 6512 (2020):
108-112.

15.7. Park, J. Kim, H.-S. Yun, et al., “Controlled Growth of Perovskite
Layers With Volatile Alkylammonium Chlorides,” Nature 616, no. 7958
(2023): 724-730.

16. S. Ling, S. Lin, Y. Wu, and Y. Li, “Toward Highly-Robust MXene
Hybrid Memristor by Synergetic Ionotronic Modification and Two-
Dimensional Heterojunction,” Chemical Engineering Journal 486
(2024): 150100.

17.M. Kim, J. Jeong, H. Lu, et al., “Conformal Quantum Dot-SnO,
Layers as Electron Transporters for Efficient Perovskite Solar Cells,”
Science 375, no. 6578 (2022): 302-306.

18. S. S. Ghodke, S. Kumar, S. Yadav, N. S. Dhakad, and S. Mukherjee,
“Combinational Logic Circuits Based on a Power-and Area-Efficient
Memristor With Low Variability,” Journal of Computational Electronics
23, no. 1 (2024): 131-141.

19. M. Nawaria, S. Kumar, M. K. Gautam, et al., “Memristor-Inspired
Digital Logic Circuits and Comparison With 90-/180-nm CMOS Tech-
nologies,” IEEE Transactions on Electron Devices 71, no. 1 (2024):
301-307.

20. S. Kvatinsky, D. Belousov, S. Liman, et al., “MAGIC—Memristor-
Aided Logic,” IEEE Transactions on Circuits and Systems II: Express
Briefs 61, no. 11 (2014): 895-899.

21.S. Kvatinsky, A. Kolodny, U. C. Weiser, and E. G. Friedman,
“Memristor-Based IMPLY Logic Design Procedure,” in 2011 IEEE 29th
International Conference on Computer Design (ICCD). 1EEE, 2011, 142-147.

22.S. Kvatinsky, N. Wald, G. Satat, A. Kolodny, U. C. Weiser, and
E. G. Friedman, “MRL—Memristor Ratioed Logic.” in 2012 13th
International Workshop on Cellular Nanoscale Networks and their Ap-
plications. IEEE, 2012, 1-6.

23.G. Liu, S. Shen, P. Jin, G. Wang, and Y. Liang, “Design of
Memristor-Based Combinational Logic Circuits,” Circuits, Systems, and
Signal Processing 40, no. 12 (2021): 5825-5846.

24. M. Shooshtari, M. J. Través, S. Pahlavan, T. Serrano-Gotarredona,
and B. Linares-Barranco, “Applying Hodgkin-Huxley Neuron Model for
Perovskite Memristor in Circuit Simulation,” in 2024 IEEE Interna-
tional Conference on Metrology for eXtended Reality, Artificial Intelli-
gence and Neural Engineering (MetroXRAINE). IEEE, 2024, 1077-1082.

25. P. L. Thangkhiew, R. Gharpinde, and K. Datta, “Efficient Mapping
of Boolean Functions to Memristor Crossbar Using MAGIC NOR
Gates,” IEEE Transactions on Circuits and Systems I: Regular Papers 65,
no. 8 (2018): 2466-2476.

26. W. Chen, H. Sun, Y. Jin, H. Yang, Y. He, and X. Zhu, “Preparation of
Bismuth-Based Perovskite Cs;Bi,I¢Br; Single Crystal for X-Ray Detector
Application,” Journal of Materials Science: Materials in Electronics 34,
no. 6 (2023): 496.

27.Q. Sun, B. Xiao, L. Ji, et al., “Effect of Dimensional Expansion on
Carrier Transport Behaviors of the Hexagonal Bi-Based Perovskite
Crystals,” Journal of Energy Chemistry 66 (2022): 459-465.

28. M. Daum, S. Deumel, M. Sytnyk, et al., “Self-Healing Cs;Bi,Br;ls
Perovskite Wafers for X-Ray Detection,” Advanced Functional Materials
31, no. 47 (2021): 2102713.

29. T. L. Hodgkins, C. N. Savory, K. K. Bass, et al., “Anionic Order and
Band Gap Engineering in Vacancy Ordered Triple Perovskites,”
Chemical Communications 55, no. 21 (2019): 3164-3167.

30. T. Prodromakis, C. Toumazou, and L. Chua, “Two Centuries of
Memristors,” Nature Materials 11, no. 6 (2012): 478-481.

31.L. Chua, “Resistance Switching Memories are Memristors,” in
Handbook of Memristor Networks. Springer, 2019, 197-230.

32.Y. V. Pershin and M. Di Ventra, “Memory Effects in Complex Ma-
terials and Nanoscale Systems,” Advances in Physics 60, no. 2 (2011):
145-227.

33.J. Bisquert, “Current-Controlled Memristors: Resistive Switching
Systems With Negative Capacitance and Inverted Hysteresis,” Physical
Review Applied 20, no. 4 (2023): 044022.

34. L. O. Chua and Sung Mo Kang, “Memristive Devices and Systems,”
Proceedings of the IEEE 64, no. 2 (1976): 209-223.

35. A. Bou, C. Gonzales, P. P. Boix, A. Guerrero, and J. Bisquert, “A
Biology-Inspired Model for the Electrical Response of Solid State
Memristors,” arXiv Preprint arXiv:2409.09307, 2024.

36.J. Bisquert, “Hysteresis, Rectification, and Relaxation Times of Na-
nofluidic Pores for Neuromorphic Circuit Applications,” Advanced
Physics Research 3, no. 8 (2024): 2400029.

37.R. A. John, N. Shah, S. K. Vishwanath, et al., “Halide Perovskite
Memristors as Flexible and Reconfigurable Physical Unclonable Func-
tions,” Nature Communications 12, no. 1 (2021): 3681.

38. F. Pécheux, C. Lallement, and A. Vachoux, “VHDL-AMS and
Verilog-AMS as Alternative Hardware Description Languages for Effi-
cient Modeling of Multidiscipline Systems,” IEEE Transactions on
Computer-Aided Design of Integrated Circuits and Systems 24, no. 2
(2005): 204-225.

39. K. M. Yeom, S. U. Kim, M. Y. Woo, J. H. Noh, and S. H. Im, “Recent
Progress in Metal Halide Perovskite-Based Tandem Solar Cells,”
Advanced Materials 32, no. 51 (2020): 2002228.

40. L. Qiu, S. He, Y. Jiang, and Y. Qi, “Metal Halide Perovskite Solar
Cells by Modified Chemical Vapor Deposition,” Journal of Materials
Chemistry A 9, no. 40 (2021): 22759-22780.

41. C. Zhang, Y. Li, F. Yu, et al., “Visual Growth of Nano-HOFs for Low-
Power Memristive Spiking Neuromorphic System,” Nano Energy 109
(2023): 108274.

42.]. Bisquert, A. Guerrero, and C. Gonzales, “Theory of Hysteresis in
Halide Perovskites by Integration of the Equivalent Circuit,” ACS
Physical Chemistry Au 1, no. 1 (2021): 25-44.

43.]. Bisquert and A. Guerrero, “Dynamic Instability and Time Domain
Response of a Model Halide Perovskite Memristor for Artificial Neu-
rons,” Journal of Physical Chemistry Letters 13, no. 17 (2022): 3789-3795.

44. A. Guerrero, J. Bisquert, and G. Garcia-Belmonte, “Impedance
Spectroscopy of Metal Halide Perovskite Solar Cells From the Per-
spective of Equivalent Circuits,” Chemical Reviews 121, no. 23 (2021):
14430-14484.

45. M. Berruet, J. C. Pérez-Martinez, B. Romero, et al., “Physical Model
for the Current-Voltage Hysteresis and Impedance of Halide Perovskite
Memristors,” ACS Energy Letters 7, no. 3 (2022): 1214-1222.

46. M. T. Khan, F. Khan, A. Al-Ahmed, S. Ahmad, and F. Al-Sulaiman,
“Evaluating the Capacitive Response in Metal Halide Perovskite Solar
Cells,” Chemical Record 22, no. 7 (2022): €202100330.

47.C. Liu, J. Fan, X. Zhang, Y. Shen, L. Yang, and Y. Mai, “Hysteretic
Behavior Upon Light Soaking in Perovskite Solar Cells Prepared via
Modified Vapor-Assisted Solution Process,” ACS Applied Materials &
Interfaces 7, no. 17 (2015): 9066-9071.

48. A. Rizzo, F. Lamberti, M. Buonomo, et al., “Understanding Lead
Iodide Perovskite Hysteresis and Degradation Causes by Extensive
Electrical Characterization,” Solar Energy Materials and Solar Cells 189
(2019): 43-52.

49. F. Wu, R. Pathak, K. Chen, B. Bahrami, W. H. Zhang, and Q. Qiao,

“Inverted Current-Voltage Hysteresis in Perovskite Solar Cells,” ACS
Energy Letters 3, no. 10 (2018): 2457-2460.

50.Y. Li, S. Ling, R. He, et al., “A Robust Graphene Oxide Memristor
Enabled by Organic Pyridinium Intercalation for Artificial Biosynapse
Application,” Nano Research 16, no. 8 (2023): 11278-11287.

21 of 22

85U8017 SUOLULLOD BAIERID B|edl dde 2u) Ag peunob 88 9P YO ‘88N JO SaINJ 10} ARe1g 1T 8UIIUO 81/ UO (SUORIPUOD-PUR-SWR}WID B 1M ARe1d 1)U UO//SANY) SUORIPUOD PUE S L 83 885 *[5202/60/€0] U0 ARIq1T 8UIIUO 4811/ * BIDUBIR A 80 BOIUSY IO JBRMSIAIN - 1ienbsig uenr Aq Ze00L ZWWS/Z00T OT/10p/L0d"AB| 1M Ate.q 1 juuo//Sdny Wwoiy papeoumod ‘v ‘S20Z ‘X6T8889C



51.7J. Bisquert, “Electrical Charge Coupling Dominates the Hysteresis
Effect of Halide Perovskite Devices,” Journal of Physical Chemistry
Letters 14, no. 4 (2023): 1014-1021.

52. K. Yan, B. Dong, X. Xiao, et al., “Memristive Property's Effects on
the I-V Characteristics of Perovskite Solar Cells,” Scientific Reports 7,
no. 1 (2017): 6025.

53. S. Kvatinsky, G. Satat, N. Wald, E. G. Friedman, A. Kolodny, and
U. C. Weiser, “Memristor-Based Material Implication (IMPLY) Logic:
Design Principles and Methodologies,” IEEE Transactions on Very Large
Scale Integration (VLSI) Systems 22, no. 10 (2014): 2054-2066.

54.F. Lalchhandama, B. G. Sapui, and K. Datta, “An Improved
Approach for the Synthesis of Boolean Functions Using Memristor
Based IMPLY and INVERSE-IMPLY Gates,” in 2016 IEEE Computer
Society Annual Symposium on VLSI (ISVLSI). 1EEE, 2016, 319-324.

55.W. Xu, Q. Zhu, and L. Zhao, “GlitchNet: A Glitch Detection and
Removal System for SEIS Records Based on Deep Learning,”
Seismological Research Letters 93, no. 5 (2022): 2804-2817.

56. 1. Gassoumi, L. Touil, and A. Mtibaa, “An Efficient QCA-Based Full
Adder Design With Power Dissipation Analysis,” International Journal
of Electronics Letters 11, no. 1 (2023): 55-67.

57.1. Vourkas and G. C. Sirakoulis, “Emerging Memristor-Based Logic
Circuit Design Approaches: A Review,” IEEE Circuits and Systems
Magagzine 16, no. 3 (2016): 15-30.

58. S. Immareddy and A. Sundaramoorthy, “A Survey Paper on Design
and Implementation of Multipliers for Digital System Applications,”
Artificial Intelligence Review 55, no. 6 (2022): 4575-4603.

59.J. Zheng, Z. Zeng, and Y. Zhu, “Memristor-Based Nonvolatile Syn-
chronous Flip-Flop Circuits,” in 2017 Seventh International Conference
on Information Science and Technology (ICIST), IEEE, 2017, 504-508.

60. G. Ziemys, A. Giebfried, M. Becherer, 1. Eichwald, D. Schmitt-
Landsiedel, and S. Breitkreutz-V. Gamm, “Modeling and Simulation of
Nanomagnetic Logic With Cadence Virtuoso Using Verilog-A,” Solid-
State Electronics 125 (2016): 247-253.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

Figure S1: a) Orange-red colored MHP precursor solution and b) Top-
view of MHP Film used in this study. Figure S2: Reproducibility test of
the MHP memristor devices. Static boxplots of HRS, LRS, and ON/OFF
ratio collected in (a-b) 15 different device-to-device reproducibility test
and (c-d) 30 different cell-to-cell reproducibility tests. Figure S3: Sta-
bility test of the MHP memristor device. Consecutive 40 cycles of I-V/
were measured 4 weeks. Figure S4: I-V curves depending on the scan
rate from 10 V/s to 500 V/s (a) Experimental and (b) simulations.
Figure S5: I-V scanned in the dark condition and under illumination
with white light source. Figure S6: Fundamental components MHP-
based memristor models. Figure S7: The voltage dependence of the
stationary system state variable in red and the system response time in
blue. Figure S8: Comparison of I-V characteristics for MHP memristors
with different top electrode diameters (A) 50 um, (B) 100 um, and (C)
200 um, demonstrating consistent bipolar switching behavior and scal-
ability toward CMOS-compatible dimensions. Figure S9: I-V curves for
different applied voltage amplitudes: (A) —0.75 V to +0.5V, (B) —2.25V
to +1.5V, and (C) —3 V to +2 V. Figure S10: (A) Truth table and (B)
Circuit symbol of the IMPLY gate. Figure S11: IMPLY gate using
memristors, with states of memristors representing logical variables (0
and 1), and components including two memristors (P and Q) and
resistor RG.
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