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ABSTRACT: Memristors stand out as promising components in the
landscape of memory and computing. Memristors are generally defined by a 10°
conductance mechanism containing a state variable that imparts a memory
effect. The current—voltage cycling causes transitions of conductance, which
are determined by different physical mechanisms, such as the formation of
conducting filaments in an insulating surrounding. Here, we provide a unified
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description of the set and reset processes using a conductance-activated quasi-
linear memristor (CALM) model with a unique voltage-dependent relaxation
time of the memory variable. We focus on halide perovskite memristors and
their intersection with neuroscience-inspired computing. We show that the
modeling approach adeptly replicates the experimental traits of both volatile
and nonvolatile memristors. Its versatility extends across various device
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materials and configurations, as W/SiGe/a-Si/Ag, Si/SiO,/Ag, and SrRuO;/Cr-StZrO;/Au memristors, capturing nuanced
behaviors such as scan rate and upper vertex dependence. The model also describes the response to sequences of voltage pulses that
cause synaptic potentiation effects. This model is a potent tool for comprehending and probing the dynamical response of
memristors by indicating the relaxation properties that control observable responses.

In pursuing the advance of computational paradigms,
exploring novel technologies has become a cornerstone in
shaping the future of electronic devices." Among the different
computational breakthroughs, resistive random-access memo-
ries (ReRAMs), or memristors, have emerged as a promising
candidate, presenting an unparalleled blend of memory and
neuromorphic computing capabilities.” > These memristors
exhibit unique characteristics by colocating both the memory
and computing in the same device, storing the information as a
modulated resistance. The benefits of this configuration
position them as highly efficient artificially intelligent hardware
that can mimic the functions of the human brain.*’
Emerging technologies have demonstrated this memristive
behavior for more complex and demanding in-memory
neuromorphic computation schemes.® These memristive
devices range from metal/oxide/metal structures,g_11 organic
semiconductors,' ' complementary metal/oxide/semicon-
ductor (CMOS) compatible silicon-based devices,'”'* and a
wide range of metal halide perovskite formulations.'®”"’
Furthermore, specific memristive responses and properties
are required depending on the complexity and hardware
implementation of the computational schemes and frame-
works. These characteristics vary from nonvolatile binary
switching for digital in-memory computing and spiking neural
networks””*’ to volatile analog switching for brain-inspired
computing and artificial neural networks.”’ As the field of
memristive devices continues to evolve, it is imperative to
develop models that provide a deeper understanding of the
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intricate mechanisms governing their resistive switching
behavior.

While the physical mechanisms of the resistive switching and
the nature of the internal kinetic processes vary from each
material system and configuration, a general formulation for a
voltage-controlled memristor is widely accepted, formed by the
equations™

Ioe = G(u, w)u (1)

de_w = H(u, w)
dt (2)
The equations relate current I, and voltage u in the device

via an internal state variable w, and G(uw) is a general

conductance function. Equation 2 describes the evolution of
the variable w in response to the change of external stimuli by
the kinetic relaxation time 7, and the general adaptation

function H(u,w).

The memristive response of memristors, denoted as resistive
switching, is defined as the reversible phenomenon of two-
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terminal elements that changes the resistance upon applying
electrical stimuli.”***® Numerous numerical models ranging
from space charge limited current (SCLC),”" drift-diffu-
sion,'”***” and SPICE modeling**~** have been proposed to
describe the resistive switching of memristors. While being
based on the general formulation of eqs 1 and 2, however, the
dominant analytical models incorporate a piecewise structure
to distinguish the on and off switching cycles, e.g.,‘m_34

T+(;11—1: =H(u,w) for u>0 3)

T_d_w =H (u,w) for u<0
dt 4)

This distinction is justified since the current must increase in
the set cycle, while it must decrease in the off-switching cycle.
However, the separation in voltage (or current”') domains
produces some computational troubles when different types of
stimuli must be probed in separate experiments, as is usual in
the analysis of voltage pulses for synaptical properties. In
addition, the piecewise approach obscures the underlying
physical properties, which should be continuous and differ-
entiable.”

In place of the conventional numerical models for
semiconductor devices, the memristive response can be
approximated using a well-established tool in biology that
adopts two main features: an onset of the internal variable w at
a certain thermodynamic threshold, and a relaxation time 7, (1)
as a unique function of the voltage, across the whole relevant
voltage range.36 The latter quantity determines the kinetic
response.

As an example, the Hodgkin—Huxley (HH) model describes
the different conductance responses of ion channel currents
(leakage current, delayed-rectified potassium (K*) current, and
a transient sodium (Na*) current) within neurons, responsible
for generating the action potentials of neural electrical
activity.””** The HH model incorporates a voltage-controlled
activation and deactivation of the channel conductance, but it
uses a single voltage-dependent relaxation time for both
activation and deactivation of each memory variable. While we
will use similar modeling methods, we remark that in this work,
we do not address neuron dynamics. We aim to formulate a
general dynamical equation for solid-state memristors that can
address the response to different types of time-dependent
stimuli, including pulsed voltage and resistive switching.

The Letter is organized as follows. First, we show the
experimental stable resistive switching of a simple methyl-
ammonium bromide (MAPbBr,)-based perovskite memristor
that will be used to build the model. Further scan rate- and
upper vertex voltage dependencies are shown to establish the
representative characteristics of these solid-state memristors.
Then, we establish a model for the dynamic response of
voltage-controlled memristors, adopting a continuous relaxa-
tion time inspired by the HH model. The model validation is
facilitated by reproducing the characteristic I-V responses of
the representative perovskite-based device, including the scan
rate- and upper voltage dependencies. Moreover, the
comprehensive validity of the model is demonstrated by
simulating the memristive response of a range of memristor
material systems and configurations. We show that the model
can capture the different device-switching properties ranging
from threshold volatile to bipolar nonvolatile memory. Finally,
in a direct test of neuromorphic functionalities, we show that
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the model describes well the response to sequences of voltage
pulses that cause synaptic potentiation effects.

The characteristic I-V curves of the studied perovskite
memristor, measured at a scan rate of 1 V s™!, in the linear and
semilog scales, are shown in Figures la and b, respectively,
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Figure 1. (a) Characteristic I-V response in the linear scale of the
FTO/PEDOT:PSS/MAPbBr;/Au memristor device with the inset
illustrating the schematic diagram of the device configuration, (b)
characteristic [-V response represented in the semilog scale with the
arrows and numbers indicating the scan direction, (c) scan rate-
dependent I-V curves with the reconstructed I-V of the impedance
measurements, and (d) upper vertex-dependent multilevel/analog
resistive switching of the memristor device.

with the inset illustrating the device and measurement
configuration. These experimental responses have been
previously discussed,” and here, we address a suitable model
to explain the kinetic properties. On a linear scale, the device
distinctly exhibits a strong inverted hysteresis, typically
observed in MAPDBr;-based solar cells, indicating an
inductive-type time domain response.””*' In the inductive
response of a memory device, the current increases with time,
and the hysteresis curve traces a counterclockwise loop, as will
be further discussed later.*”**

In the semilog scale, the perovskite memristor features a
threshold resistive switching in the positive polarity with an
ON/OFF ratio of ~2 orders of magnitude.**™* At low
voltages, the memristor is at its initial high resistance state
(HRS), also denoted as the OFF state. In Figure lab, the
activation process in positive voltages is indicated as (1) in the
forward direction and deactivation as (2) in the reverse
direction. As the forward voltage scan approaches positive
voltage and passes beyond the threshold voltage of ~0.6 V, the
device gradually transitions from the HRS to the low resistance
state (LRS), also denoted as the ON state in binary switching,
promoting the SET process.”” Notably, in the reverse scan
direction, the ON state is maintained until the voltage reaches
a lower threshold voltage of ~0.3 V, where the device
transitions from the LRS back to the HRS (RESET process).
This characteristic resistive switching exhibits volatile memory
where the ON state relaxes back to the OFF state upon
sufficiently reduced applied voltage."****’ The scan rate-
dependent characteristic I-V curves (Figure lc) further
demonstrate the inductive response of the perovskite
memristor, which exhibits a decreasing forward scan current
with an increasing scan rate.>%! Moreover, by varying the
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upper vertex of the [-V measurements (Figure 1d), the device
displays a multilevel/multistate resistive switching suitable for
analog volatile memory applications, reproducing short-term
memory (STM) behavior in neuromorphic systems.”*>

Based on the general framework of eqs 1 and 2, and the
observed experimental features, we now describe a set of
characteristics that the model must incorporate. In the
memristors used for neuromorphic computation,” the system
transitions from a low conducting state (of conductance g)
HRS, to a high conductance state of conductance gy, LRS,
where g;; > g;. When the voltage applied is u, we have a basic
current I, = g; u, which increases when the resistance switches.
We establish the control of conductance by a memory variable
0 < X <1 as follows.

Itot = [gL + (gH - gL)X]u (5)
The equilibrium value of the memory variable X is a

. . L . 32,54,55
sigmoidal activation function HS

1
— 4 X
1+ e W 0 (6)
The threshold voltage V, defines and translates the state
transition of X from its initial OFF state, X, = X, to its ON
state, X, & 1 (Figure 2a). On the other hand, V,, controls the
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Figure 2. Voltage-dependent internal state variable function X(u) of
the dynamical neuron-based model with varying (a) voltage
parameter V, and (b) ideality factor parameter V. Voltage-dependent
time constant function 7,(u) at fixed voltage parameters Vs = 0.5 V
and Voy = 1.0 V with varying ideality factor parameters V_ and V,.

steepness and voltage window of the state transition, where a
low V,, exhibits an abrupt state transition at a narrow voltage
window, while a high V,, indicates a gradual state transition at
a wider voltage window (Figure 2b).

We have mentioned the dominant feature of the resistance
switching between two conducting states. As demonstrated in
the experimental response of the perovskite-based memristor,
this threshold resistive switching from the OFF state to the
ON state can relax back to the OFF state with the removal or
sufficient reduction of the applied electrical stimulus, indicating
a volatile memory. In contrast, another typical resistive
switching behavior can maintain both the OFF and ON states
for longer durations (up to 10 years) upon removing the
voltage stimulus, indicating a nonvolatile memory.”' These two
main types of resistive switching behaviors are considered in
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formulating our conductance-based memristor model, as
discussed in more detail in the following.

The first important point of the model is the need for the
high conductance state to be activated at a SET potential and
deactivated at a certain RESET potential. Therefore, the X = 1
state must decay back to X = X, to reverse the initial switching.
This very basic feature is well acknowledged in solid-state
memristor models, yet it is normally achieved by piecewise
splitting of the X dynamics into different equations for different
voltage domains, as indicated in eqs 3 and 4.°°7*° This
approach is unsatisfactory as it hides the kinetic origin of the
memristor RESET process.

The central idea of the model, in analogy to biological ion
models, is to precisely formulate the kinetic form in which the
activation time can be modulated by the voltage, apart from
the stationary characteristic of eq 6. The kinetic response of
halide perovskite memristors has been investigated, and the
different mechanisms have been recently reviewed.”® The
switching dynamics is associated with ionic filament formation
of interface barrier modification. More generally, in solid-state
memristors, the electrochemical processes for filament
formation, involving nucleation, charge transfer, and ion
transport, produce a nonlinear exponential voltage—time
relationship.”” Tt has been reported that relaxation time is a
strong function of the voltage in two-terminal resistance
switches and analog memristors based on ionic motion,** ™% as
well as in biological37'63_6S and artificial fluidic channels.*®

Based on these general properties, it is reasonable to adopt a
double exponential form of 7y(u), that will decrease both at
very positive and very negative voltages with respect to the
thermodynamic activation voltage V.. The deactivation of the
solid-state memristor at reverse voltage will occur when u < V,,
switching back to X = 0. However, if 7, is long enough, the
deactivation is kinetically impeded. As a result, we propose that
the kinetic time vanishes at a RESET threshold voltage Vg,
more negative than the equilibrium threshold voltage V.. This
feature will determine the memristor’s volatility at Vo & V,,
or if it holds the high conductance below the thermodynamic
threshold, when Vg < V..

Similarly, the kinetical changes may disappear at high voltage
if X is already in the ON state, when X = 1, since u > V,,
without additional kinetic changes. Again, here we have 7, — 0
after some SET threshold voltage Viy, where we observe
experimentally a hysteresis free region of the I-V curve at
voltages higher than that value. This is due to the lack of
memory effect once 7, & 0. The hysteresis-free region above
the transition to the high conductive state can be displayed as a
linear increase of current with voltage, which is discussed
further later, and several experimental examples will be shown.

Combining these physical features, we obtain the following

model defined by

du

1= — — X

Cm dt + |:gL + (gH gL) ]u (7)

dx
— =X - X
where
T, T

\M) = - - = + 7.
X( ) 1+ e—u—VOFF/V, 1+ e_“_VON/V+ ‘min (9)

Here, C,, is the device capacitance. The evolution of X is
dependent on the kinetic time constant function 7,(u) that is a
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specific form of 7, of eq 2. The voltage-dependence of 7,(u) is
defined by the characteristic maximum kinetic time constant
Tnaw the minimum kinetic time constant 7, the threshold
RESET voltage Vogg with its corresponding ideality factor V_,
and the threshold SET voltage Vo with its corresponding
ideality factor V.

The voltage-dependent forms of the X (u) with varying V,
and V,,, and 74(u) is illustrated in Figure 2. The threshold SET
and RESET voltages and their corresponding ideality factor
parameters affect the 7,(u) in the same manner as shown in
Figure 2c. The Vg defines the threshold voltage, where 74(u)
transitions from 7y = 7., to 7y & 7__, with V_ controlling the

steepness of the transition. On the other hand, Vy defines the
threshold voltage where 7y reversibly transitions back from 7.,
to 7., with V, controlling the steepness of transition. Notably,
when the threshold voltages are close enough with gradual and
wide voltage windows, both transitions can overlap, and the
time constant begins to decrease back to 7., before reaching
the 7,,,,. In this work, we do not provide a further microscopic
investigation into the origin of eq 9, but we will show that this
form explains diverse types of characteristic memristor
dynamic responses.

In summary, eqs 7—9 form the model we use hereafter. The
distinctive property of this model is that both constitutive eqs
7 and 8 are linear in the X variable, while the nonlinearity is
restricted to the X, (u), 7,(u) functions. As the model (egs

7—9) is based on the kinetic control of the normalized
conductance X, we denominate this a conductance-activated
quasi-linear memristor (CALM) model. We implement this
model to reproduce the experimental results obtained from the
perovskite-based memristor presented in Figure 1.

From the characteristic functions of the model, the
parameters are selected to match the experimental trends
with the simulated I-V curves shown in Figure 3, as listed in
Table S1. Notably, the model can replicate the inductive
hysteresis in the linear and log scales (Figure 3ab) and the
threshold switching with an ON/OFF ratio of ~2 orders of
magnitude at a scan rate of 1 V s™'. This volatile threshold
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Figure 3. Simulated characteristic I-V response in the (a) linear and
(b) semilog scales with the arrows and numbers indicating the scan
direction and sequence, (c) simulated scan rate-dependent I-V
response, and (d) simulated upper vertex-dependent multilevel/
analog resistive switching using the dynamical neuron-based model.
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switching is obtained by having Vo = 1.05 V and Vg = 0.75
V both in the positive polarity, while the ON/OFF ratio is
controlled by the proper selection of the conductivities g; and
gy In addition, using the same parameters and only varying the
scan rate du/dt, the simulated scan rate-dependent character-
istic I-V device response is highly consistent with the
experimental response exhibiting a decreasing hysteresis with
the reduction of scan rate (Figure 3c).

Lastly, by changing the upper vertex voltage of the simulated
I-V scans, the analog multilevel/multistate resistive switching
is obtained in agreement with the actual response of the
memristor (Figure 3d). The corresponding voltage-dependent
curves of the pertinent parameters X (u), 7x(u), and the
dynamic evolution of X(u) are shown in Figure SI. These
results demonstrate the CALM model’s capacity to reproduce
the characteristic I-V response of volatile perovskite-based
memristors, including key aspects such as ON-OFF ratio
variation, scan rate dependence, and upper vertex voltage-
dependent multistate analog switching.

Going a step further, we aim to prove that the CALM model
can reproduce the behavior of both volatile and nonvolatile
memristors by precisely selecting the characteristic parameters
of the kinetic time constant function 74(u). As previously
discussed, modifying the value of the threshold RESET voltage
Vope and increasing the LRS to HRS transition time can
impede the deactivation kinetics. Figure 4a-i summarizes
experimental characteristics of three different perovskite
memristor configurations exhibiting varying types of memory
and their corresponding simulated responses by controlling the
threshold voltages Vpr and Viy, and their respective ideality
factor parameters V_ and V,. The parameter list of the
simulated I—V curves are displayed in Table S2. For the FTO/
PEDOT:PSS/MAPbBr;/Au device exhibiting threshold vola-
tile switching (Figure 4a), both Vipr and Vgy are in the
positive polarity with relatively steep but gradual V_ and V,
(Figure 4d). With these characteristic parameters, 7y(u)
transitions from 7., to 7., and back to 7., only in the
positive voltages (Figure 4g). Hence, with the removal or
sufficient reduction of the applied voltage, the memristor
devices relax back to the OFF state, indicating volatile
memory.**

In contrast, for the FTO/PEDOT:PSS/MAPbI,/PMMA/
Ag/Au  exhibiting nonvolatile abrupt binary switching®’
(Figure 4c), Vopp is negative, while Vo is positive with
highly abrupt V_ and V, values (Figure 4f—i). These
parameters indicate that 7y(u) abruptly transitions to 7, in
the negative polarity and again abruptly transitions back to 7,
in the positive polarity. This implies that a negative applied
voltage is required to promote the RESET process, and the
device will stay in the ON state upon the removal of the
applied voltage, indicating a nonvolatile memory.** In between
these two extreme cases, an FTO/PEDOT:PSS/MAPbBr,/
Ag/Au device exhibits a nonvolatile but gradual resistive
switching (Figure 4b). For this memristor, both Vi and Vi
are positive, similar to the volatile case, however, V_ is highly
gradual with a wider transition voltage window (Figure 4e).
The resulting 7,(u) begins to transition to 7,,,, at negative
voltages near zero up to positive voltages then transitions back
to 7., without reaching 7,,,, (Figure 4h). This suggests that a
certain negative voltage is required to fully RESET the device,
but the removal of applied voltage would retain the ON state
for a specific time defined by the relaxation constant of the
kinetic process.
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Figure 4. Experimental characteristic I-V response in the semilog scale of a (a) FTO/PEDOT:PSS/MAPbBr,;/Au memristor exhibiting volatile
memory, a (b) FTO/MAPbBr;/Ag/Au memristor exhibiting nonvolatile memory with gradual SET and RESET, and a (c) FTO/PEDOT:PSS/
MAPbDI,/PMMA/Ag/Au memristor*’ exhibiting nonvolatile memory with abrupt SET and RESET. The corresponding simulated I—V responses
using the dynamical neuron-based model reproducing the different memory variations: (d) volatile, (e) nonvolatile with gradual SET and RESET,
and (f) nonvolatile with abrupt SET and RESET with pertinent parameters indicated. (g—i) Associated relaxation time functions.
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Figure S. Simulated (a) voltage-dependent transient current response of the FTO/PEDOT:PSS/MAPbBr;/Au memristor (model parameters in
Table S1) using a voltage train stimulus of 10 identical pulses with a pulse width of 10 ms and a pulse period of 20 ms at varying applied voltages
potentiation (schematic diagram shown in the inset) exhibiting synaptic, (b) the magnified view of the transient response of the first voltage pulse.
(c) The simulated response of the current to a train of 1.0 V steps, followed by a read voltage of 0.2 V where the evolution of the current can be
distinguished, and (d) the magnified view of the first and the last reading signals.

At this point, we have demonstrated that the CALM model
is able to reproduce the volatile, nonvolatile gradual, and
nonvolatile abrupt switching of perovskite-based memristors
with the proper selection of the characteristic parameters of the
kinetic time constant function 7y(u). We can extend the
implementation of the model to reproduce some of the
reported characteristic I-V responses from memristor devices
of various material systems and configurations, including W/
SiGe/a-Si/Ag, Si/SiO,/Ag and SrRuO;/Cr-SrZrO;/Au mem-
ristors. In Figure S2, we address various oxide-based
memristors with Ag ions, exhibiting volatile threshold switch-
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ing for analog applications in bioinspired synaptic functions. In
Figure S3 we apply the model to the analysis of memristors
with bipolar nonvolatile resistive switching for binary in-
memory applications.

The wide range of memristive responses that our CALM
model has been able to consistently reproduce paves the way
for a more holistic and systematic approach in the memristor
properties by the analysis of the characteristic I-V curves.
However, X-linearity it is not a universal property of
memristors, which can contain high nonlinearity in both G,H
functions of eqs 1 and 2. The CALM model, in its current
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form, cannot emulate certain complex resistive switching
situations.””*® In complementary resistive switching, it is
necessary to add two memristors in antiserial configura-
tion.”””% Other memristors require more than one memory
variable.”””" A generalization of the model would require the
addition of several coupled state variables and series/parallel
combinations.”

The analysis of current—voltage curves at varying scan rates
serves as a valuable tool for characterizing the behavior of
memristors and provides crucial insights into their switching
properties. However, it is essential to recognize that the
operational dynamics of memristors significantly differ when
employed in practical applications. In real-world scenarios,
memristors respond to sequences of voltage pulses with
distinct characteristics, undergoing changes in their conductive
state based on pulse attributes such as applied voltage or pulse
width. With appropriate stimulation, memristors must
gradually transition to the ON state, exhibiting increased
conductivity and current potentiation.

The synaptic behavior of halide perovskite memristors was
discussed recently.”> An illustrative example of such
potentiation is presented in Figure S4, showcasing the
experimental response of a halide perovskite memristor to
various voltage pulse trains. The observation reveals that
current potentiation does not manifest for low voltages, while
it becomes evident at higher voltage levels. Figure 5
demonstrates that the CALM model can replicate these
results. In Figure Sa we illustrate how the current achieved in
each successive voltage pulse surpasses that of the preceding
one, indicating a progressive increase in conductivity. Figure
Sb shows the transients in more detail.

We further analyze the model’s response to typical
sequences of SET and read voltages, which are crucial for
neuromorphic applications. These sequences comprise a series
of voltage steps at an activation voltage Vg, followed by a
read voltage V.4 enabling the monitoring of the conductive
state through current measurements at each step. As illustrated
in Figure Sc,d, the current increases progressively at each read
step, consistent with the application of short SET pulses that
incrementally enhance the conductive state. The magnified
view in Figure 5d highlights how the conductive state doubles
within just five brief pulses of a few milliseconds each. This
outcome underscores the model’s effectiveness in reproducing
the current—voltage characteristics of memristors and captur-
ing the current potentiation essential for the device’s operation
in practical applications and synaptic systems. Notably, the
current evolution during these read sequences reveals the
dynamics of the model’s main variable, X, which dictates the
devices’ conductive state. Understanding and predicting the
behavior of the state variable X is essential for elucidating
memristors operations and, making the CALM model a
valuable tool for exploring their functionality.

In conclusion, we have formulated a dynamical model of the
characteristic I-V response of memristors by incorporating
internal state functions and the voltage-dependent kinetic time
function (relaxation time) that governs their time response.
The CALM model, inspired in biological channel models,
adopts linearity of the internal variable X and emulates the
volatile and nonvolatile resistive switching in various device
systems and configurations. The model reproduces the
experimental characteristics of scan rate-dependent hysteresis
and the analog multilevel/multistate resistive switching of a
volatile perovskite-based memristor. The versatility of this
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method is showcased through its capability to simulate
different types of memristors by systematically adjusting
parameters related to the characteristic kinetic time constant
function. A simple description of the memristors is obtained
with only the necessary number of parameters to describe the
electrical response, that reproduces the most common types of
resistive switching. As memristors are intended to operate as
neuromorphic devices, a description of the memristive
response based on a smooth and continuous CALM model
provides a more integrated approach in device characterization
and application. This model will serve as a crucial tool for
investigating regular memristors and as a starting point for
more complicated memristive behaviors. As the research
landscape evolves, this work contributes to memristors’
ongoing application and design, emphasizing their potential
impact on the future of electronics and computing.
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