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Modelling of temperature dependent conduction and filament dynamics
in Ag/ZnO/FTO memristor
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This work presents a mathematical model describing the resistive switching behavior in
Ag/ZnO/FTO memristor. Further, analyses are employed to distinguish the active
conduction mechanisms in different bias regimes and simultaneously a hybrid mathematical
model is developed that combines Schottky type interfacial injection, Poole Frenkel (PF)
bulk emission, and Ohmic filament conduction, with a logistic state variable describing
filament formation and rupture. Furthermore, the model is implemented in MATLAB, and
nonlinear fitting of the experimental sweeps demonstrated excellent agreement between
simulation and measurement. Extracted parameters such as ON and OFF state
resistances (R,, and R, (), barrier height (@) and ionic mobility (u;o,) provide insights
into conduction dynamics, confirming filamentary electrochemical growth as the dominant
switching mechanism in ZnO based memristors. Moreover, the study considers temperature
dependent rupture dynamics, where the exponential thermal activation factor is proportional
to the existing filament, with filament formation in the proposed memristor being primarily
field driven but enhanced by temperature through increased ionic mobility.
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1. Introduction

The continuous demand for energy-efficient, high-density, and non-volatile memory
devices has driven significant research into next-generation memory technologies that can overcome
the limitations of conventional Complementary Metal Oxide Semiconductor (CMOS)-based
architectures. Among the emerging alternatives, resistive random-access memory (RRAM) based
on memristive devices has attracted widespread attention due to its simple metal-insulator-metal
(MIM) structure, low power consumption, fast switching speed, and potential for neuromorphic
computing applications [1]. Further, in a memristor, resistance changes dynamically in response to
applied voltage or current, providing non-volatile storage and memory functions [2]. Such devices
inherently combine memory and processing functions, enabling non-Von Neumann architectures
that are better suited for brain-inspired computing paradigms.

Metal oxides, particularly transition-metal oxides, have emerged as promising switching
materials for memristive devices because of their tunable defect chemistry, thermal stability, and
compatibility with silicon-based fabrication [3]. Among these oxides, zinc oxide (ZnO) has been
extensively studied due to its wide bandgap (3.37 eV), high exciton binding energy (60 meV),
chemical stability, and the ability to tune oxygen vacancy concentration through doping and
processing conditions [4]. Importantly, ZnO based devices have demonstrated reproducible resistive
switching characteristics with large ON/OFF ratios, making them attractive candidates for both
memory and neuromorphic applications.
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Schottky emission at the metal/semiconductor interface or bulk-limited mechanisms such
as Poole Frenkel (PF) emission and space-charge-limited current (SCLC) related to trap states in the
oxide [5]. At higher voltages, electrochemical processes drive the migration of oxygen vacancies or
metal ions, producing conductive filaments within the oxide. This filamentary conduction leads to a
sharp current increase and transition into the low resistance state (LRS). Filament rupture under
reverse bias or Joule heating resets the device to the high resistance state (HRS) [6]. The coexistence
of interfacial and filamentary conduction necessitates hybrid models that capture both contributions
for accurate device representation. Diagnostic methods help distinguish these mechanisms: Ohmic
conduction appears as a slope of unity in log-log I-V plots, while SCLC shows quadratic or higher-
order dependence. Schottky emission is verified by linearity in In(J/T2) vs. \E plots, yielding barrier
information, while PF conduction is confirmed by In(J/E) vs. \E linearity, indicating trap-assisted
bulk transport [7].

Mathematical modelling of memristors links experimental observations to physical
mechanisms and enables parameter extraction for optimization [8]. Early models, such as Strukov
et al., described memristance via ionic drift and ON/OFF resistance interpolation but failed to
capture nonlinear switching and multiple conduction paths. Advanced models use logistic state
variables and window functions to constrain filament growth and rupture [9]. In ZnO, hybrid models
combining Schottky or PF conduction with filamentary Ohmic paths replicate I-V hysteresis. The
Ag/ZnO/FTO device [10] shows bipolar +1 V switching as illustrated in Fig. 1, with Schottky-like
rectification and filamentary conduction, modelled effectively using hybrid approaches. In this work
for the first time a physics based model is proposed which explains the filamentary conduction in
ZnO based memristor and further exaplains the impact of temperature on the process of formation
and rupture of conducting filaments which is a widely accepted phenomenon responsible for
Resistive switching.

The present work is organized as follows. In Section 2, the mathematical modelling of
Ag/ZnO/FTO is discussed and in Section 3, model fitting parameters of experimental observations
are obtained. In Section 4 the temperature dependence is considered whereas in Section 5, the effect
of temperature on [-V characteristics is observed. Additionally, in Section 6 the conclusion along
with further perspectives are illustrated.

+
Top Electrode- Ag

Switching Layer- ZnO

Bottom Layer-Flurocent Tin Oxide (FTO)

Fig. 1. Device structure representing Ag/ZnO/FTO.

2. Mathematical modelling of Ag/ZnO/FTO

As noted by Pradhan et al. [10] the experimental evaluations for Ag/ZnO/FTO based
memristive device were conducted under standard laboratory ambient conditions at room
temperature, where during the electrical measurements, a bias voltage was applied to the top Ag
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electrode while maintaining the FTO bottom electrode at ground potential. The I-V characteristics
were systematically acquired through a voltage sweep in the range of +1 V, with a fixed step
increment of 0.01 V. The typical I-V response, as illustrated by the Fig. 2. [10], reveals that the
Ag/ZnO/FTO structure exhibits reversible switching at both positive and negative polarities, thereby
indicating the manifestation of a bipolar resistive switching (RS) mechanism. In the present work,
the mathematical modelling is demonstrated to accurately fit the experimental measurements [10].
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Fig. 2. Single I-V curve of Ag/ZnO/FTO (Reprinted with permission from Ref. [10]).

The device demonstrates a hybrid conduction behavior in which both interfacial and
filamentary mechanisms contribute to the observed [-V characteristics [10-12]. At low voltages, the
transport is dominated by electrode-limited or trap-assisted mechanisms such as Schottky emission,
Poole Frenkel (PF), or space-charge-limited current (SCLC), while at higher voltages beyond a
threshold the conduction is governed primarily by the formation of metallic filaments inside the ZnO
switching layer [4, 13]. This hybrid picture is consistent with other studies on ZnO based resistive
switching, where interface limited injection dominates in the high resistance state (HRS) and
filamentary conduction governs the low resistance state (LRS) [1, 14].

From a physical perspective as shown in Fig. 3, the pre-SET regime (HRS), at very low
biases the current follows Ohmic conduction (I « V), after which Schottky emission at the Ag/ZnO
interface becomes significant. Trap-assisted mechanisms such as PF emission or trap-controlled
SCLC contribute depending on defect concentration, electrode work function, and film thickness [5,
15]. Once the applied field reaches a threshold, ion migration (Ag* or oxygen vacancies) initiates
filament nucleation and growth, leading to a sharp transition to the LRS. After SET, conduction is
dominated by Ohmic transport through the metallic filament, typically expressed as I = V/R,,.
During the RESET process, the filament ruptures by Joule heating, ionic diffusion and
electrochemical oxidation, resulting in a return to HRS [9, 16]. Diagnostic linearization
helpsdistinguish between conduction mechanisms. Ohmic conduction appears as a slope of unity in
I-V plot. SCLC manifests as a quadratic dependence (I « V?2) in trap-free conditions or with higher

slopes in trap-filled regimes. Schottky emission can be verified by plotting In (J/T?) versus VE,
yielding a straight line from which barrier height (@5) can be extracted. Here | = I /A, is the
current density, A, is the electrode area, T represents the temperature, E = V /D is the electric field
and D represents the thickness of ZnO switching layer. PF conduction is instead tested by

plottingln (J/T?) versus VE and linearity in this plot indicates bulk trap-assisted emission. These
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diagnostics have been applied extensively in ZnO resistive switching devices to identify the
dominant mechanism in each regime [7, 17].

HRS SET LRS
SCLC Filament Ohmic
Schottky 7 Growth
[ ]
[ ] ¥
o E — \/ |
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Fig. 3. Diagnostic diagrams for identifying conduction mechanisms in ZnO memristors, including
Ohmic conduction, Schottky emission and SCLC. HRS, high resistance state; SET, separated into forward,
LRS, low resistance state.
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Fig. 4. Schematic of Ag/ZnO/FTO memristor showing device layers and filament dynamics.

To model these processes, it is essential to introduce a set of key parameters. The device
thickness (D) and electrode area (A,) define the internal electric field and current density. The ON-
and OFF-state resistances (R, and R,sf) represent conduction through the metallic filament and

pristine ZnO matrix, respectively. The state variable x(t) governs the interpolation between HRS
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and LRS. Ionic mobility (;,y,) controls filament dynamics, while conductivity (o) and relative

permittivity (e,.) affect bulk transport. Schottky barrier height (@5) and and trap depth (@;)

determine injection and PF conduction, respectively as illustrated in Fig. 4. Additional terms such

as tunnelling factor (I) and attenuation coefficient (@) capture pre-bridging tunnelling currents.

Window functions (w(x)) are necessary to constrain x within [0,1] and model boundary effects near

electrodes [18]. In this context, the physics based mathematical model can be expressed as follows:
By Using the Schottky emission,

« Pp—BsVE
Js = A'T?exp (- LELE) ()

Where Js is the current density, A* is the Richardson constant originates from thermionic
emission theory and represents the material-specific factor in the current density equation. The
term A*T? represents the carrier supply function at temperature T'. k is the Boltzmann’s constant and
q represents the charge of an electron. S is the interface effect (Schottky barrier lowering
coefficient) [7, 19]. The experimental device shows rectifying behaviour consistent with Schottky

at Ag/ZnO.
_a9t-BprVE
Jpr < Ee kT (2)

Where Jpr is the current density, @; is the trap depth energy level (eV) for PF and Spp is
the PF barrier lowering coefficient has the same origin as Schottky lowering, but it applies to bulk
trap states. A linear fit indicates Schottky as well as PF, but the test electrode changes (Schottky is
electrode-limited, and PF is bulk-limited). x(t) is the dynamical state of the memristor and
modelling with x(t) captures hysteresis [20]. It is given by

x(t) = 1l(t)/D, 0<x <1 3)

The total conduction in a memristor can be thought of as two parallel paths, a bulk ZnO path
(insulating matrix) and a filamentary metallic path (conductive channel). Further, the effective
memristance is obtained by combining them with a state variable.

R(x) = Rop.x + Ropr. (1 —x) 4)

The memristance, R(x) is the weighted average [21] between R,, and R,sf with x €
(0,1). Now, to know about the internal state variable changes with time, the rate of change of
normalized filament length can be written as

dx Vint

2~ Hion TW(X) - Fe_Ea/kTg (x,1,T) (5)

Where g (x,1,T) is a rupture function and it describes how the existing filament decays
(ruptures) under current and temperature, E, represents the activation energy barrier for rupture (eV)
controlling how strongly rupture depends on temperature and I' is the rupture kinetics pre-factor.V;,;
is the effective internal voltage across the switching layer accounting for voltage division across
filaments. Moreover, the filament kinetics which are the filament formation and rapture can be

observed from equation (5) is a differential equation. Here, u;,p % w(x) is field driven ionic drift

and Te Fa/kT g (x,1,T) is thermally activated. w(x) is a window function, a Biolek current
dependent form to show motion near boundaries and polarity sensitivity in the boundary dynamics
[22].

Furthermore, in case of slowly varying V, approximate steady-state growth balance and treat
x as a monotonic function of V. Here, dx/dt = 0 for each sweep point to obtain x (V).

1
x(V) = Ttexp (_V—Al‘//th) (6)
Where Vy;, is the SET threshold voltage and AV controls steepness, which is also linked to
Uion and I'. Equation (6) is an empirical approximation to achieve a closed form for I (V).
The total current is the sum of bulk electrode or trap current, Ohmic filament conduction

current and the tunnelling current, hence,

I(V: x) = Ibulk(V)- [1 - H(x - xc)] + % + Itun(V'D(l - x)) (7)
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Where the bulk conduction term, Ip;, (V) .[1 — H(x — x.)] represents a non-filamentary
Schottky, PF and SCLC transports. Ip,; (V) is active when x < x.. The Heaviside function
H(x — x.) with x, as a critical threshold value of x at which the filament is considered to bridge the
device and form a low-resistance path, switches this contribution off once the filament bridges.
Further, when the filament exists, the current flows through it and the Ohmic current is represented
by V/R(x).

For bulk model in terms of Schottky transport,

_ w2 _ qPp—BsVEy . _ q3
(V) = A A*T“exp ( — ) with B = pr— (8)
For bulk model in terms of PF transport,
9.~ BppVE. . 3
lpp(V) = CEexp (- =555)  with fpp = |20 9)

When the filament is close to bridging, the tunnelling current between the filament tip and
counter electrode can be represented as

Lyun(V, %) = I,(V) exp(—aD(1 — x))  with a « (2";1# (10)
Where «a is the attenuation coefficient of the tunnelling wavefunction inside the barrier, m*
is 0.24m, with m is the free electron mass, called effective electron mass in ZnO, I,(V) is pre-
exponential factor or tunnelling factor and h is the Plank’s constant.

3. Model fitting

The fitting workflow begins with the preprocessing of the experimental -V sweeps. The
raw curve should be separated into forward (SET) and reverse (RESET) branches. Resistances R,
and R, sy are estimated directly from the low-bias slopes in the LRS and HRS regions, respectively.
Plots based on Schottky and PF analysis are then applied to identify which conduction mechanism
dominates in the HRS. For experimental work, Schottky emission at the Ag/ZnO interface is the
most consistent with the rectifying behavior and linearization results, while PF may contribute
weakly [10, 23].

In the fitting stage, nonlinear least squares methods are employed. The hybrid model
equations described above are implemented with various parameters and the fitting is performed
separately on the SET and RESET conditions to capture asymmetry. Additionally, parameter
constraints are set using physical estimates [24]. The quality of the fit is evaluated by comparing the
modelled and experimental [-V curves on linear and logarithmic scales, and by analyzing residuals.
The fitted parameters provide insight into the physical processes such as a lower extracted R,
corresponds to stronger metallic conduction, while a higher R, ¢ ¢ reflects trap-assisted leakage [25].
The barrier height @5 and attenuation coefficient a reveal the relative contribution of interfacial vs.
tunnelling processes. Moreover, the transition parameters Vi, and AV quantify the threshold
behavior and sharpness of filament formation, respectively [25-27].

3.1. Approximations and scaling relations
In practical modelling of ZnO based memristors, several useful closed-form expressions and
scaling relations allow parameter extraction directly from experiments. The switching time for SET

can be approximated using ionic drift as
toox- L 0 . _ D (11)
set HionE HionV Hion Viset
This relation is widely used to estimate y;,, from measured switching times. The ON- and
OFF-state resistances can be estimated from small-signal read operations as

v d Vryead
R,, ~ 122 R rr ~ 1222 12
on Igs ’ off IHRs (12)
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Where V,..,4 is a low, non-disturbing read voltage, and I} 5, Iyrs are the measured currents
in low and high resistance states respectively. For Schottky emission, the slope in a linearized plot

ofln (J/T?) versus VE provides
1
_a(_a '
ms = kT (4n£r£0) (13)
This scaling relation helps assess whether Schottky emission is the dominant mechanism by
comparing experimental slopes with theoretical values [28]. Collectively, these approximations
provide initial estimates for key physical parameters.

3.2. Parameter dependent effects on resistive switching and filamentary behavior

The conduction behavior and resistive switching performance of ZnO based memristors are
strongly influenced by variations in their physical key parameters [7, 29]. u;,,, dictates the rate of
filament formation, where higher values accelerate the SET process but may lead to unstable or
residual filaments. R,,, and R,ss determine the current levels in the low and high resistance states,
thereby defining the switching ratio and energy consumption. ¢ affects the ease of charge transport
[4], [5, 30]. € governs barrier lowering in Schottky and PF conduction. @5 controls electron
injection at the electrode interface and @, influences PF and SCLC mechanisms, impacting leakage
in the HRS.

3.3. Proposed hybrid expression for accurate I-V representation

By utilizing the logistic function in equation (6) for x(V) together with the composite
current model in equation (7), incorporating the Schottky bulk conduction in equation (8) and
tunnelling contribution in equation (10), the combination yields a practical three-term fitting
expression suitable for accurately reproducing the experimental I-V characteristics.

1V) = (V)(1-SG) + 4 + Iyexp (—aD(1 — x)) (14)

Roff(l—x)+Ronx
where, S(x) = %[1 + tanh (k(x — x.))] is a smooth transition function and moves the

contribution from bulk to filament smoothly. Instead of cutting bulk conduction off suddenly, it
gradually reduces bulk contribution while gradually increasing filament contribution as x
approaches x.
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Fig. 5. Proposed single I-V representation obtained by analysis fit with the experimental
representation.
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The plots in Fig. 2 [10] and Fig. 5 exhibit bipolar resistive switching with a distinct SET
process at positive bias and RESET transition under reverse bias, accompanied by hysteresis
consistent with filament formation and rupture. The simulated curve in Fig. 5 successfully
reproduces the sharp current increase during SET, the rectifying nature at low bias, and the transition
between HRS and LRS. Furthermore, the variation of current in the uA range with respect to the
same applied voltage closely matches in both plots, validating the suitability of the developed model.
Hence, the present work confirms that the proposed mathematical model achieves successful fitting
with the experimental data.

4. Temperature dependency of the proposed modified mathematical
model

Temperature, T enhances ionic drift and filament formation but also accelerates filament
rupture via thermally activated diffusion and oxidation. From equation (8) it can be observed the T?

prefactor andexp (— %) show that Schottky current increases with T. The growth term depends on

Uion, Which itself increases with T, indication faster movement of ions, can be seen in equation (5).
Further, the rupture is exponentially faster at higher T. These conditions make x (V) explicitly
temperature dependent. Additionally, at higher T, more electrons have enough energy above the
Fermi level to participate in tunnelling. This increases the supply of tunnelling electrons, hence I,
rises slightly with T'. Substituting these factors into equation (14) the modified temperature
dependent I-V relationships can be written as

_ " q9p—BsVE. 1%
1(V) = A A'T?exp(— =) (1 = S() + wwmy T oV, D (exp(=aD(1 ~ x))
(15)
I-V characteristics of ZnO at 300K
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Fig. 6. Proposed I-V characteristics at 300K.

The temperature dependent I-V characteristic is modelled using equation (15) and is shown
in Fig. 6, which incorporates Schottky emission, filament dynamics, and tunnelling with explicit
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thermal activation. The proposed temperature-dependent model is simulated at 300 K, showing
consistency with the experimental behavior of the Ag/ZnO/FTO device.

5. Effect of temperature on I-V characteristics

Implementing the temperature dependence study at higher T, Schottky term grows, filament
forms with ruptures at a faster rate and more thermal carriers are available with a slightly increase
in tunnelling. Thus, the [-V curve shifts to higher current in HRS and shows faster SET and RESET

dynamics. In this context, the temperature dependent I-V curves were measured at 300 K, 350 K,
and 400 K as illustrated in Fig. 7.

1E-02

1E-03
@ 1E-04
=
2 1E-05
= —— 300K
© 1E-06 — 350K

— 400K
1E-07
1E-08 = || ' || ' | ' || ' ||
-1.0 0.5 0.0 0.5 1.0
Voltage (V)

Fig. 7. The effect of temperature on the current based on the proposed mathematically fit model at
300K, 300K and 400K.

A comparative analysis is made with the calculated values of (R‘m/ R ff)’ Uion and
o

Memristance at various temperatures (300 K to 400 K) are presented in Table 1. y;,,, increases with
T due to thermally activated ionic migration. Further, memristance rises with an increase in

R
temperature and the HRS to LRS ratio ( off / R ) remains relatively stable because both HRS and
on

LRS vary with temperature at nearly equal rates. A larger HRS to LRS ratio indicates better contrast
between ON and OFF states, thereby easier to read data reliably.

Table 1. Performance of the model at different temperatures.

Rosr Memristance
T(K) .uion(mz/v- s) /Ron (Q)
300 3.984x 107! 1.224x10° 1.045% 10°
350 6.314x 10" 0.995x10° 1.816 x 10°
400 5.015x 107" 1.09x10° 2.148x 10°
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6. Conclusions

In this work, the electrical characteristics of the Ag/ZnO/FTO memristor were
systematically analyzed and successfully fitted using a physics-based mathematical model.
Experimental I-V measurements revealed bipolar resistive switching with well-defined SET and
RESET processes, governed by a combination of Schottky emission, Poole Frenkel conduction,
SCLC, and filamentary Ohmic transport. By incorporating key parameters such as device thickness,
ionic mobility, conductivity, barrier height, trap depth, and temperature dependence, a hybrid model
was developed that closely reproduces the experimental hysteresis. The inclusion of logistic state
variables and window functions enabled an accurate description of filament growth and rupture,
while tunnelling contributions captured pre-SET leakage. Comparison between experimental and
simulated plots demonstrated excellent agreement, with current variation in the pA range closely
matching across voltage sweeps. Furthermore, the temperature-dependent formulation provides a
framework to evaluate thermal effects on filament dynamics. Overall, the model fitting validates the
proposed approach and provides meaningful parameters for device optimization. Future work will
extend this framework to develop SPICE models and integtrate this CMOS technology to develop
novel circuits based on Hybrid CMOS- Memristor technologies.
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