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Modified nonlinear ion drift model for TiO, memristor:
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The creation and optimisation of memristor models with different topologies and physical
mechanisms have received increasing attention in recent years. Memristors, known for
their unique resistive switching mechanism, have garnered significant interest as
promising components for next-generation computing. However, to effectively design and
test memristor-based circuits, it is crucial to have a mathematical representation of the
experimentally determined current-voltage characteristics of memristors. This paper
proposes a model and conducts an analysis that offers insights into memristor technology,
beginning with its characteristics and extending to simulations involving various
parameters. The proposed model and its dependency on temperature are implemented
using MATLAB. The model captures changes in current characteristics concerning the
fundamental voltage without using any window functions. Thus, it accurately represents
the variation in memristance with temperature, contributing to a more precise and
observed modelling approach.
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1. Introduction

Resistive random-access memory (ReRAM) technology [1] is highly promising because of
its simple structure, low power consumption, and high switching speed [2], making it suitable for
memory applications [3]. It consists of a thin metal oxide film sandwiched between the top and
bottom electrodes [4]. Memristor-based memory [5], often considered a type of emerging ReRAM
[6], offers unique properties, such as high density, ultra-low power consumption, excellent
scalability, nonvolatility [7], and suitability for neuromorphic computing [8]. The concept of the
memristor was first demonstrated by Strukov et al. They achieved this by sandwiching TiO, layers
between platinum (Pt) electrodes, resulting in pinched hysteresis loops and resistive switching
characteristics [7], [9]. This led to the classification of memristors as ReRAM. Furthermore,
memristors have been widely used in various applications, such as chaotic circuits [10], oscillators,
filters, programmable analog circuits, sensors, cellular neural networks [11], fuzzy processors [11],
and nonvolatile memory devices [7].

For effective circuit implementation, it is crucial to use memristor models [12, 13].
Numerous models have been proposed to simulate the behaviour of practical memristor devices,
and filamentary conduction is widely recognized as the mechanism responsible for resistive
switching (RS) [7], [14,15]. During the process of filamentary conduction, the application of a
positive bias 'voltage between the top and bottom Pt electrodes leads to the formation of a filament
within the TiO, RS layer [16], transforming the device into a low resistance state (LRS) [17].
However, when the applied bias is reversed, the filament ruptures, causing the device to enter a
high resistance state (HRS) [18]. Given the nanoscale dimensions of the memristor, the
phenomenon of filamentary conduction might be dependent on temperature. Although many
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memristor models exist, such as the linear ion drift memristor model [19], nonlinear ion drift
memristor model [20], Simmon tunnel barrier model [21], threshold adaptive model [13],[22], and
voltage threshold adaptive model, [13],[22], none of them consider the effect of temperature when
describing the RS phenomena of memristors [7],[23]. Some recent studies have reported the effect
of temperature [24],[25], but none of them have definitively explained the phenomenon of
filamentary conduction [7],[26]. In this study, we introduced a dynamic mechanism [27] to
determine the RS characteristics of TiO,-based memristors, considering the impact of temperature
on charge carrier mobility [28]. This mechanism was used to modify the model to incorporate the
nonlinearity of ion dynamics and the temperature-dependent nature of ion migration.

The remainder of this paper is organized as follows. In Section 2, we present the proposed
model, explaining the mechanism behind filament formation due to ion drift and discussing the
associated V-I characteristics. In Section 3, we address the effect of temperature on Z,, and Z.g
variations. Further, in this section, we investigate the effect of temperature on memristance, total
charge, and diffusion coefficient. In Section 4, we present concluding remarks and outline
potential directions for future research.

2. Experimental

2.1. Proposed model

In this section, a model based on which the calculations of various characteristics of
memristor are to be studied and a simulation for an experimental model on V-I characteristics is to
be performed. The proposed model, here, in fact, is based on the mechanism of ion transport as
was discussed by Mazady and Anwar [29]. They have considered the observations on V-I
characteristics of Pt/Ti0,/Pt memristor as addressed by Yang et al. [30]. Here the filament-assisted
current as shown in Fig.1 dependent on the redox chemistry at the contacts and flows from the tip
of the growing filament to the opposite contact.
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Fig. 1. Filament-assisted current in the Pt/TiO,/Pt memristor from the tip of the growing filament to the
opposite contact.

The reduction mechanism is described as follows:
With a positive bias voltage at anode, the reduction of Ti** (TiO,) into Ti*3 (Tiy05"?)
occurs at the anode [7], [29, 30] and further followed by

8Ti0, — 2Ti,0572+30, + 4e (1)

The drifted positive ions Ti,Os*? moves towards the cathode and their interaction with
0, ions produce Ti, 03 as given by the reaction

Ti,05s"%+ 0, — 2Ti, 0, )
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However, accumulation at cathode of 2Ti, 05, a metastable stage of TiO,, gives rise to the
high conductivity filaments due to its growth towards the anode. According to classical
microscopic approach, the ionic transport in solids is a hopping mechanism [27], [31]. As the
temperature rises, the mechanism of conduction of transition metal ions changes in semiconductor
metal oxides. The variable range hopping (VRH) [7],[30],[32] which is a process of switching
between states that are located near to the Fermi level in finite localized states [33].

In low temperatures (T < 300 K), VRH is driven by ES (EfrosShklovskii) [34] hopping
and in high temperatures (T > 300 K), VRH is driven by Mott's Law [24], [35]. The conductivity
of TiO, related to the above discussion can be expressed as:

S S
0= Go,MottT_ZseXP [_ (_To'l\;m) ] + Go,EST_ZSEXP [_ (TOT_ES) ] (€))
Basically, Ty is the characteristic temperature coefficient that depends upon the density of
state in the Fermi level, ‘s’ is a constant that depends on the type of hopping process, and gy is a
pre-exponential factor that depends on hopping [19],[24],[36]. In Mott's law,0¢ ot Trepresents the
pre-exponential factor and in ES law,o gs represents the pre-exponential factor [24], [37].

2.2. Dependence of mobility on temperature

Using one dimensional potential barrier a temperature dependent equation of mobility can
be considered and with the help of conductivity, it can be determined from the equation given
below that the mobility in TiO, memristors relative to the temperature

_ GM(TiOy)
Hy = N.e.n.density(TiO,) @

Here i is the mobility, M(Ti0,) is the molecular weight of Ti0,, N =6.023X 10> per mole
is the Avogadro’s number, e is the charge of electron, n is the number of electron in lattice
fraction and density (TiO,) is taken as 4.26X107.

In the present model with the charge carrier mobility equation (4), we can describe the
dependence of mobility on temperature [13], [19], [38]. This model considers two resistors in
series: one representing the high concentration of the dopant region (high conductance) [7], [13],
[24], [39] and the other representing the oxide region (low conductance) [7], [13], [24], [30].
Mobility derived at higher temperatures exhibits a more linear variation than the reported mobility,
which ranges from 300 K to 800 K. After examining this model, the performance of mobility at
different temperatures is shown in Fig.2.
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Fig. 2. Temperature dependent mobility of the proposed model.
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2.3. Resistances (Z,, and Z,)

Resistances (Z,, and Z,g) are present in series with each other, as shown in Fig. 3, where
one of these resistances represent TiO,, whereas the other represents TiO,, [40]. The former is
stochiometric, whereas the latter contains oxygen vacancies. The undoped TiO, region of length
l,q with very low oxygen deficiency is denoted as state Z,, [41, 42], whereas the doped TiO-.,
region of length 14 is denoted as Z. [41, 42]. They can be explicitly expressed as

1

Zon = A_(.jo' (5)
Iy

Zoft =35 (6)

where A is the area of the memristor device. The memristor exhibits a nonlinear relationship
between the magnetic flux linkage ¢, (t) and the amount of electric charge q(t) , which has
passed through it is given by

f(dm(D),q(®) =0 (7
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Fig. 3. Doped and undoped regions in a memristor.

2.4. The associated V-I characteristics

The concept of ¢y, (t), derived from the circuit properties of an inductor in a generalised
manner, can be interpreted as the temporal integration of voltage. Its relationship with q depends
on their values as well as the derivative of one with respect to the other. The memristance function
m(q) defines the flux change with charge, and it is dependent on charge [43] as follows:

m(q) = ®)
déo
m(q(®)) = dqj:: = ©)

Here, Ohm’s law follows if m(q(t)) remains constant and m(q(t))being nontrivial, has a

twist resulting in to non-equivalence of equations (8) and (9) [44]. As both q(t) and m(q(t)) have
power to change over the time, the time dependent voltage can be represented as

V() = 1(). m(q(D) (10)
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This establishes a direct relationship between voltage and current as long as memristance
remains constant with charge [45]. However, for a non-zero current, the time-dependent charge
comes into play and the voltage versus current relationship is determined through the model
expression that relates current to voltage, expressed as follows:

1) = k1 x (W(D)" x B x sinh(a x V (1)) + SRS EXC0 01T, (11)

where I represents the current, u= mobility, c ,a, B, Y and k1 are fitting parameters, T is the
temperature in Kelvin, x is distance between the Pt electrodes, Z.and Z,, are OFF and ON state
resistances respectively and Q is the charge of ion.

When calculations are performed at different temperatures using equation (11), it yields
different current values for each temperature, as shown in Fig. 4(a). The same data is plotted for
the minimum and maximum temperatures of 300 K and 700 K, respectively, in Fig. 4(b). The
temperature dependence of memristors is not precisely known. In the present model, the
temperature dependent exponential factor is considered as a preliminary attempt to understand it.
The obtained nonlinear Voltage and Current relationship are found to produce hysteresis loop,
where the pinched hysteresis loop is input voltage and temperature dependent [46, 47].
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Fig. 4 (a). The effect of temperature on the current based on the proposed memristor model at 300K,
400K, 500K, 600K and 700K and Fig.4(b). Comparison between the V-I curves taken between
Minimum Observed Temperature 300K and Maximum Observed Temperature 700K.

The hysteresis loop area is seen to decrease with increase in temperature as shown in
Fig.4(a) and Fig.4(b), thus explaining the higher memory capacity of this technology [48-
49].Further, its higher memory density also produces faster access [48]. It is also found that the
ratio between Z.; and Z,, (two variable resistances which will be explicitly discussed in the

Section 3) of the memristor, i.e., ZL“ is hysteresis loop area itself [48] and thus it is temperature

on

dependent. In this regard the observations have been taken at temperatures 300K to 700K in the

i"ff dependency on temperature as it has been found in the Fig.4(a)

interval of 100K to prove the

Zoff

and Fig.4(b) where it is seen that there is a decrease in with rise in temperature [48-52].We

on

next go over to section 3, where it will be discussed about the effect of temperature on Z,, and Z.g
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3. Results and discussion

3.1. The effect of temperature on Z,, and Z

Temperature-dependent simulated results of Z,, and Z.-are presented in Fig. 5(a) and Fig.
5(b), respectively. When the frequency is constant, temperatures vary from 200 K to 800 K. These
simulations provide insight into how resistance values change with temperature.
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Fig. 5. (a) The variation of Zon resistance with rise in temperature and Fig. 5.(b) The variation of Zoff
resistance with rise in temperature.

The ON state region with low Zon exhibits very high conductivity, whereas the OFF-state
region with high Z.¢ behaves in the opposite manner, displaying much lower conductivity [53]. As
depicted in Fig. 6, the LRS and HRS are closely related to the performance of Z,, and Z¢ [54],
affirming that filamentary conduction effectively delivers the expected outcomes.

LRS HRS
- —-

6xygen
Vacancy

Fig. 6. LRS and HRS relationship to the performance of Zon and Zoffsilver modified Rutile TiO,.

As shown in Fig. 5(a) and Fig.5(b), as temperature increases while keeping amplitude and
frequency constant, both Z,, and Z, resistances decrease. This finding indicates that the
sensitivity of electrical conductivity to changes in temperature [55]. In the next section, we discuss
the effect of temperature on memristance, total charge and diffusion coefficient .
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3.2. Effect of temperature on memristance, total charge and diffusion coefficient

In the proposed model, as depicted in Fig. 7, in the temperature range of 250 K to 700 K,
memristnace rises with increase in temperature [23, 24], [56]. Although there is a minor uptick in
memristance at higher temperature variations, the HRS/LRS ratio remains relatively stable because
both HRS and LRS decrease with temperature at nearly equal rates.
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Fig. 7. Memristance variation with temperature.

However, very high temperatures may lead to information loss due to inner diffusion
within the memristor. These findings demonstrate a significant increase in ON current and rapid
resistance switching in the memristor at higher temperature ranges. Temperature affects not only
the diffusion rate but also the lowest and highest attainable resistances [24], [56]. The calculated
values of mobility, Zon, Zoff and memristance, which are presented in Table 1, exhibit variations
with temperature, and they align with expected behavioural patterns.

Table 1. The performance of the model at different temperatures.

Temperature Mobility Zon Lot Memristance
(X) (m’/V.s) (Q) (Q) (Q)
200 2.045% 107 2.394x% 10* 4.788% 10* 1.911x 10°
300 3.824x 107 1.28x 10* 2.56x 10* 1.915% 10°
400 6.263% 107 7.817%10° 1.563% 10* 1.919 x 10°
500 9.169x% 107" 5.339x 10° 1.067x 10* 1.924x 10°
600 1.2403 x 107'° 3.947x 10° 7.895% 10° 1.928x 10°

A comparative analysis of memristance performance in relation to charge carrier mobility

at various temperatures (200K to 700K) is presented in Fig.8(a). Additionally, the temperature
dependence of the maximum charge that the memristor was able to memorise is shown in Fig.8(b).
It is evident that when temperature rises, less charge is allowed to flow through the memristor. The
reason for this is because when temperatures rise, significant rise in oxygen vacancies occur,
which causes charge carriers to scatter. Further, Fig.8(c) depicts the linear relationship between
temperature and diffusion coefficient.
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Fig. 8. (a) Performance of memristor concerning charge carrier mobility plotted at different
temperatures 200K to 700K , Fig.8 (b) Influence of temperature on the charge capacity and Fig.8(c)
Variation of the inner diffusion coefficient of memristor with temperature.

4. Conclusion

This study investigated the effect of temperature on various memristor parameters,
including mobility, Z,,, and Z.¢ along with V-I characteristics and hysteresis loops. The calculated
Zon and Z.x decrease with temperature, affecting the switching and V-1 characteristics. The
graphical representations of these characteristics reveal hysteresis loops, the area of which
decreases with increasing temperature. This reduction in loop area suggests a decrease in memory
performance as temperature increases. Furthermore, memristances were calculated and plotted,
which increased with a rise in temperature from 250 K to 700 K. All simulations were based on
MATLAB Simulink. From these findings, we can conclude that memristors, owing to their
compact dimensions and high conductivity, hold promise for future applications in neural
networks and signal processing. These findings provide valuable insights for potential future work
in these areas.
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