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Abstract

In this Master Thesis, we have investigated basic ingredients of the theory of solid state
transport, namely the Drude like conductivity and the activation of nonequilibrium charge
carriers subjected to a relaxation time, concluding that they are sufficient conditions for a
memristive response. These findings point to the natural emergence of memory that, if
discernible under adequate set of driving inputs, turns to be the rule and not the exception,
with contrasting signatures according to symmetry constraints, either built-in or induced by
external factors. Explicit analytical expressions for conductance and content are presented,
unveiling very concise and accessible correlations between general intrinsic microscopic
parameters such as relaxation times, activation energies, and efficiencies (encountered
throughout various fields in Physics) with external drives: voltage pulses, temperature,
illumination, etc. Four toy models under different applied bias: sinusoidal and triangular,
have been investigated, providing insights about the memory formation, as well as the
expressions mentioned above. The model has also been successfully applied to predict and
explain memory features in samples based on ZnO thin films that were fabricated and
characterized by colleagues, reinforcing its validity. The theory allowed providing values for
the system’s fundamental parameters, such as its relaxation time. Finally, the perspectives
and directions of the forthcoming research tasks, to be continued on a PhD, are presented,
pointing to the extension of the theoretical results by introducing asymmetries in the
model and by exploring the topology of the current-voltage characteristics. The model
can be extended to other physical systems, such as those based on quantum dots, and by
applying the robust mechanism thus far constructed to study, explain, and predict results

in experimental realizations, such as in oxide thin films.

Key-words: Memdevices, memory, memristors, non-equilibrium carriers.
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1 Introduction

Memcomputing is a computational paradigm that combines information processing
and storage on the same physical platform. Key elements for this topic are devices with
inherent memory, namely: memristors, memconductors, and meminductors. The existence
of memristors was first proposed by L. Chua [2], in 1971, as a entirely new class of electronic
devices that should behave like non-linear resistors with memory. Subsequently, the idea
was generalized leading to the concept of Memristive Systems [3], as shown in Fig. 1
(a). The most striking signature of their transport response is a pinched hysteresis loop
in the current-voltage plane and promising applications have appeared ever since in a
wide range of technological fields. The applications vary from emulation of learning rules
of neural networks [4], parallel processing [5, 6], and various computing schemes [7-9].
Concerning the industrial interest in this technology, it can be pointed that in 2021 the
memristive memories are being used as standalone memory and are also embedded in
application-specific integrated circuits for the Internet of Things and their market value
exceeded $621 million. It is also expected a growth in this market up to $5.6 billion by
2026, which will represent 2% of the nearly $280 billion memory market [10]. Besides the
interest in potential applications, the memristive response might become a platform for

the characterization of transport mechanisms in solids and nanoscopic systems.

Memristors have emerged in various physical platforms, such as semiconductor nanowires [11],
organic materials [12], and oxides [13] producing non-volatile [12], volatile responses [14,15],
semi-non-volatile responses [16], or combined dynamics [17]. A variety of models for their
emulation can also be found in the literature [18] ranging from phenomenological simula-
tions [19,20], electro-mechanical analogs [21,22], or purely mathematical protocols [23]. Yet,
such a diverse range of approaches hampers a clear view of common grounds for something
seemingly so pervasive in conductive solids. On these same grounds, the eventual contrast
between memristive responses should be sustained as, for instance, the self-crossing [24] or
not of the pinched hysteresis [25], relevant from the practical perspective and fundamental

from the role played by symmetry constraints.

There are several underlying physical mechanisms of memory formation. Our efforts
are focused on understanding the apparently ubiquitous memory formation mechanism
in conductive solids [1] ascribed to the dynamics of nonequilibrium charge carriers, as
represented in Fig. 1 (b), eventually trapped at interfaces, impurities, and defects. It is
important to emphasize that memristive responses depend not only on the generalized
response functions, that are governed by the underlying physics of each device, but also
on the shape of the driving voltage pulses [18]. Furthermore, time scales play a role for

the emergence of memory so that the voltage pulse frequency can be tuned in order to
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maximize or destroy its effects.

(a) (b)

Current

Conductance

S o

() Voltage (d) Voltage

Figure 1 — (a) Symbol used to represent a memristor. (b) Schematics of the transport of carriers thought
several sites that are modelled with energy barriers between them within a conductor. (c)
Representation of a Type-I system and its signatures: a crossing in current-voltage charac-
teristics at zero voltage, and the corresponding double values of conductance at this point.
(d) Representation of a Type-II system and its signatures: the non-crossing current-voltage
characteristics and the single conductance value at zero bias voltage.

These responses can be sorted into two main classes: the Type-I response presents a
self-crossing behavior in the current-voltage characteristic, as displayed in the top panel
of Fig. 1 (c), while Type-II presents a non-crossing one, shown in Fig. 1 (d) [18]. The
existence of these two classes are important because from them, two different patterns of
conductance arise. In Type-I, the conductance-voltage curves present two different values
for the conductance at zero voltage, thus, two different conductive states that can be
resolved in the lower panel of Fig. 1 (c); while Type-II presents only a single value of

conductance at zero voltage, as represented in the lower panel of Fig. 1 (d).

1.1 Motivation

An important motivation for this Master project was the development of compre-
hensive models able to elucidate the nature of these responses. Part of it has already been
provided and recently published as "The Ubiquitous Memristive Response in Solids" [1].

This paper describes a theoretical model that explains the memory formation in conductive
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solids by carrier generation/trapping dynamics. It deals with sinusoidal voltage pulses
although, in principle, the theory would also allow the implementation of the model for any
type of applied voltages, at least numerically. Analytical expressions for the non-equilibrium
carrier number, that are responsible for the not-Ohmic behavior, are presented. Also, the
conductance’s values of Type-I and II system at zero voltage; and the robustness of the
memory response are presented. Besides, the model provides the analytical values of applied
voltage frequencies able to maximize the memory responses of both Type-I and Type-II
systems. [1] Furthermore, in this thesis we have extended the investigation to explore the
memory aspects that arise when triangular voltage pulses are applied since they are a
common feature in cyclic voltammetry measurements. Analogously to the sinusoidal case,
we have obtained analytical expressions and show how a simple change in the shape of the
applied bias is a sufficient condition for changing the response of the system. The results
of both kinds of voltage inputs are compared, showing that although in general similar,
the responses still present differences. In this way, the study of the memory emergence
under different applied bias voltage provided insights about the memory formation process;
and understanding the contrasts of their responses is a key issue for tuning memristive

response.

This model was also successfully used to explain the memory formation in ZnO thin
films and the effects of temperature, that is also included in this thesis. It resulted in the
publication of the paper "Temperature, detriment, or advantage for memory emergence:
The case of ZnO" in The Journal of Chemical Physics. [26] This work was part of a
collaboration with experimental colleagues that fabricated and characterized the samples
and their transport properties. Thus, this research foresees the development of a grounded
physical model able of describing the memory formation in conductive solids with results
that have been recently proven of value for the experimental characterization of various

devices and systems.

Beyond all that, we have already introduce asymmetries in the model, that could be
present in the energy barriers of its sites, elucidating how intrinsic features of the systems
can affect its response, in contrast of the extrinsic ones (bias voltage: frequency and shape);
and we have also started the investigations of the topology of the crossings in the current-
voltage characteristics. These findings resulted in the publication of the paper "Tuning
the conductance topology in solids" [27] that appeared as a featured paper in the Journal
of Applied Physics. Furthermore, we have also extended the mathematical formulation of
the model to deal with the generation of higher order modes, instead of using just the
first order usually done; we have also introduced the definition of impedance per mode and
we have demonstrated that apparent capacitive or inductive effects naturally emerge in
these system, even in the absence of any magnetic elements. We have demonstrated the
limitations of defining equivalent circuits for these kinds of systems; these results yielded

the publication of the paper "Inadequacy of equivalent circuits in nonlinear systems with
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inherent memory" [28].

Summarizing, the simple conduction model presented in this thesis proved to be
very efficient in describing the nature of these systems. More than that, the model has
been evolving with our current efforts, moving towards the exploration of topology and
impedance features under a formulation of higher order modes. These topics are still
ongoing and have already presented fruitful results, but are not yet closed topics. Finally,
the model is also being extended, to explore the memory formation in quantum dots
systems and also to explain rich memory features that arise in new ZnO doped thin films

samples.

1.2 Goals and Methods

In this research project we have studied the memristive behavior that emerges in
several devices according to different underlying physics of memory formation processes.
Part of these efforts have been finished and some other continue running in communion
with the specialization in the fabrication of structures and low-dimensional devices within
a network of collaborators that combines theoretical and experimental expertise. The goals

of this project, are:

1. To help developing theoretical models able of explaining the memory formation in

conductive solids via generation/trapping dynamics of non-equilibrium carriers;

2. To provide a consistent description of memory emergence and its properties under

the effect of temperature in ZnO thin films;

3. To perform simulations in order to investigate different voltage input pulses regimes

and the operation of such memristive devices, foreseeing optimal responses.

The method adopted in this research combines studying the state of art of the scientific
literature on this field, as well as the foundations of conductive mechanisms in solids.
Based on the later, a theory has been built that provides clues for the natural memory
emergence in conductive solids by generation or trapping of non-equilibrium carriers. The
theory also provides analytical descriptions for memristive systems under certain limits of
temperature or voltage amplitudes. Numerical calculations of the memory emergence have
been performed in order to provide double checks of the analytical results or to go beyond
the limits of the analytical approximations. The theoretical model has been built in close
connection with experimental collaborators, which is important for attaining accuracy in
describing what is observed in the experiments. Thus, the memory emergence in ZnO thin
films and the temperature effects, unveiled for these structures, have already provided a

good experimental confirmation of our predictions.
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1.3  Thesis Overview

In order to provide a concise and comprehensive guideline of this thesis and to
facilitate the reading through its logical structure and main ideas, we have organized it
in five chapters, being the actual Chapter 1, the Introduction. Then, in the 2° Chapter,
Theoretical Background, we have extended the Drude’s model for conductivity in solids, in
a perturbative way, by introducing and exploring the effects of non-equilibrium carriers
that can be (de)activated, thus providing contributions to the conductivity. Namely, in
Section 2.1, we have worked with the already established Drude’s Theory for conduction in
metals, culminating in the simple Ohmic-expression for the current density and conductivity;
and in Subsection 2.1.1, we have performed all the calculations for modulating the thermal
transport over an energy barrier, yielding expressions for the carrier flux over a barrier.
Finally, in Subsection 2.2, we have indeed introduced the perturbation to the Ohmic-
conductivity and worked on this perturbation term by modelling its dynamics induced by a
generation function that is responsible for adding or subtracting new carriers to the system
(if subjected to certain stimulus) in the presence of a decay term. The latter depends on a
relaxation time and is proportional to the quantity of non-equilibrium carries present there.
As these generation functions are unique for each material and their action mechanisms
rely on the physical nature of the systems, we have also modeled a function that can by
applied to metal-semiconductors-metal junctions (or vice-versa), and that operates by
thermal activation of the carriers. Finally we have applied this function in Chapter 4, in

order to describe the experimental results obtained in zinc oxide thin films experiments.

In Chapter 3, Theoretical Results, we have assessed four different theoretical systems
in order to better understand the memory emergence mechanism and its properties. The
models have been designed with generation functions simply proportional to the applied
voltages (or their absolute values), we used sinusoidal-like or triangular-like pulses, and
we were able to emulated memristive responses of Type I and II. The models have been
organized in sections: 3.1 for the sinusoidal input with its extension beyond analytical
validity regime by numerical methods in Subsection 3.1.1; and Section 3.2, for the triangular
ones. This later being separated into Subsection 3.2.1, for Type-I response; 3.2.2, for Type-
IT; and 3.2.2.1, for comparing them. We performed analytical calculations that resulted in
expressions for the non-equilibrium carries, conductance, currents, and content values. All
the calculations have been double-checked by numerical methods. Figures of merit of the
system response have been also presented, including the ones considered as a signature of

memory: the current-voltage hysteresis curves.

In the 4° Chapter, "Experimental confirmations and the effect of temperature in ZnO
thin films', we have applied the model to predict and explain memory features that emerged
in samples based on ZnO thin films, that were fabricated and characterized by colleagues,

reinforcing its validity. It has been organized into two main parts. In Section 4.1 we have
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basically adapted the triangular pulse model, with a generation function proportional to
the voltage, to a new one, proportional to its second power. In Section 4.2, we indeed apply
the model to the experimental results in order to explain them, extract useful intrinsic
information of the system, and to predict its behavior under certain circumstances. Finally,
in Chapter 5, the conclusions of this work, as well as, the perspectives and directions of

the forthcoming research tasks are presented.
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2 Theoretical Background

In this chapter we present the main theoretical concepts that allow describing
conduction mechanism in solids, capable to also encompass the emergence of memory
features. We also show, step by step, how our conduction memory model was built from
basic ingredients. Namely, we have started, preliminarily, from the Drude’s model of
conductivity in solids. Then, by using the density of states, the Fermi Dirac distribution
function in the non-degenerate limit, and assuming thermalized Maxwell fluxes of particles
we have been able to calculate the carrier activation towards conductive states. Being this
activation process the very core of our model able to explain the memory emergence in
conducive solids. All the details and steps to formulate the theory are presented in the

following sections.

2.1 Drude's Theory and Current Density

In its simplest form, the Drude theory of conduction in metals establishes a model
for conduction based on the presence of a gas of free electrons, which move in a background
of heavy ions. This electron gas is treated as dilute and neutral by using methods of the

kinetic theory. Below, some important considerations about the model are listed:!

1. Each electron is assumed to move in a straight line between collisions, not interacting
with other electrons or ions. And the non-electron-electron interaction represents
the independent electron approximation; whereas the non-electron-ion interaction is

the so-called free electron approximation.

2. Collisions are treated as instantaneous events, as in the kinetic theory, and are

capable of abruptly changing the speed of electrons.

3. Collisions are modeled as happening with a probability given by 1/7, where 7 is

called the scattering time.

4. The thermal equilibrium of electrons with their surroundings is achieved only through
collisions. And it is assumed that, after a collision, the electron acquires a velocity

that depends exclusively on the local temperature.?

We can define the proportionality factor between the applied electric field, E,

and the current density it induces, f, as a characteristic constant of the material, the

The assumptions can be seen in Solid State Physics [29], pages 2-5.
It is worth of mentioning that alongside this thesis we have adopted the symbol T, ¢ for the temperature,
in order to avoid confusion with the period, represented by T.

2
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conductivity, o:
j=0E. (2.1)

The current density, represents how much charge per unit time crosses perpendicularly a
certain area of the material. Now, by considering a density of p electrons per unit volume
and moving with a speed ¢. Therefore, in dt time, the electrons advance a distance vdt in
the direction of ¥, so that (nvdt A) electrons cross the area A. Given the charge (—e) of
the electrons, the charge element, dq, that crosses the area A in a time interval dt is given

by dq = —newv Adt. Therefore, the current density can be written as

j = —pev. (2.2)

Note that the speed ¥ of the electrons represents an average value, which must be
zero in the absence of an electric field. However, the application of an electric field E forces
the electrons to acquire a non-zero average drift velocity ¢ that points towards the opposite
direction of the field, and in order to calculate this average speed one must consider that it
does not depends on the speed of the electrons before a collision. Considering an electron
just after a collision, then it will be subject to the electric field E and must travel a time 7
before the next collision. Thus, the average change in momentum between two consecutive
collisions is given by, —eE'T. Therefore, the drift velocity acquired by the electron at the
end of this process can be written as

—

ekT
Vovg = ——-

m
Therefore, from Eq. (2.2) we can write the current density as

7= (”627) E, (2.4)

m

and the conductivity of the material is given by

pe*T

(2.5)

o= :
m
In the following steps we will consider that p in Eq. 2.5, representing a density of carriers per
unit volume, may fluctuate around certain equilibrium value, pg, given a non-equilibrium
contribution, dp, that depends on time. The latter is generated by the activation or

trapping of carriers.

2.1.1 Density of non-equilibrium carriers

The model for non-equilibrium carrier generation considered here consists of a
thermal activation mechanism over energy barriers. They can be part of certain localized

sites that can be related, for instance, to point defects, impurities, interfaces, grain
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boundaries, etc. These sites may, in turn, act as nonequilibrium charge generators or traps
and we will reduce this effect to one dimension in order to model their efficiency in terms
of carriers fluxes in and out. Thus, the first basic ingredient of our model is the calculation

of the flow of carriers through an energy barrier.

= [7]

Figure 2 — Schematic representation of carriers activation over a barrier. The left panel represents a one
dimensional energy barrier, Fg. The quasi Fermi level of the reservoir, located at the left side
of the barrier, is represented by u. The activated carriers pass over the barrier contributing to
the one dimensional flux F,. The right panel is a representation to reinforce that the net flux
is calculated along direction z within the spherical coordinate system used in the model.

We can assume that this flow takes place along the z direction, as represented in
Fig. 2. Then the carrier flux can be defined by using the local carrier density and their

average velocity in the z direction as

The average velocity of the carriers in z direction can in turn be obtained from a distribution

function of speeds.

Although, as Fermions, electrons obey the Fermi-Dirac statistics, here we are going
to assume the non-degenerate limit and approximate the system for the case in which the
electron velocity distribution is given by the Maxwell-Boltzmann function. In this case,

the expected value for the flow in the z direction is given by

Fo= [ p fup(@ Togg)o-, (2.7)

where fip is Mazwell-Boltzmann Distribution Function, given by:?

3/2 2
m muv
0T ) = ——— - ). 2.
fMB(U7 ff) (27TkBTeff) eXP( 2kBTeff) ( 8)

Now, considering a spherical coordinate system, we can write v, as
v, = v cos(f), (2.9)

and in this spherical system the expression for F, can be rewritten as

F, = /_ /HW/Q/(b dodf dv (v*sin(6)) pfarp(v) vcos(d). (2.10)

Where T¢ys represents the effective temperature.

3



Chapter 2. Theoretical Background 24

Note that fOW/Q dfsinf - cosf = %, 02” d¢ = 2m and by considering the density p as

a constant, one obtains

3/2 oo —mu?

m muv
F, = — / dvv® < ) . 2.11
il <27TkiBTeff> v=0 v exp 2kBTeff ( )

Now, we can focus our attention to calculate an expression for the average speed

of the carriers where we have

(v) = // d*v |v] farp(v), (2.12)

so that,
00 ™ 2
(v) :/ / do df dv (v*sin(0)) fups(v)v, (2.13)
v=0J9=0 Jp=0
because [;_, df sin(f) = 2 and [7™ d¢ = 27, and finally,
3/2 o 2
m mu
(T / dv v ( ) . 2.14
<U> i (27T]€BTeff> v=0 Ve exp 2kBTeff ( )

Then, by contrasting Eqgs. 2.11 and 2.14 we can write the flux of particles along z direction

as a function of the expected value for their velocity as
F,=p—. (2.15)

Thus, the next step to be performed consists of solving the integral of the expression for

the expected value of the velocity, that is, solving an expression of the type
I, = / " exp (—be) dzx. (2.16)
0
Specifically we want to solve the case for n = 3

I3:/ e da, (2.17)
0

and in order to do that we may perform the following change of variables, where a = 22

and da = 2xdx, yielding

1 00
I3 = f/ ae " da (2.18)
2 Ja=0
that, integrating by parts leads us to the result,
Iy = (2.19)
T gp2 ’

Then Eq.(2.14), using b = m/2kgT,sf, can be rewritten as

(v) = <8kBTe”>l/2 (2.20)

™m

Subsequently, we must find an expression for the volumetric carrier density p. For

this, we assume the Fermi-Dirac distribution function, frp, and the density of state, D(E)
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per unit volume, considering that the carriers available for transport are only those with

energy larger than that of the barrier, Ez. So, we can write

= . D(E) frp(E,p) dE, (2.21)
with,
1
frp(E, p) = = (2.22)
1+ exp (KB :;f)
. 1 (SN(;E . m* "
D(E)_ﬁ B h37T2\/2m (E — Ep). (2.23)

This density of states, D(F), was obtained from a quantum formalism for the treatment
of electrons as follows. Considering a parabolic conduction band and the free electron
approximation with an effective mass, m*, we can set the time-independent Schrodinger
equation, with a constant potential profile as

52

Com*

V() = (B = U) (7). (2.24)

Then, considering periodic boundary conditions (Born-von Karman conditions) we obtain
plane wave solutions for the electrons and a dispersion relation for the energy, which in

the one-dimensional case (for simplicity) would be

eik-z
=_ _ 2.25
h2k?
E-Uy= 2.2
UO 2Im* ) ( 6)

where L is the length between boundaries. By applying this solution to the Born-von
2mn
L
Taking the limit L — oo we can write the difference between two allowed values of k as a

differential element, dk =k, — k,_1 = 27”

Karman conditions, we obtain a quantization condition for the allowed values of k, k,, =

Thus, we can define a density of allowed energy states 6 /N as the number of allowed
values of k, 0K, in an interval dk. That is, 0N = g—z = i(?k. And taking into account the

spin degeneracy, each value of k represents two energy levels for electrons, so

o0k L
ON =2 — = —0k. 2.27
dk 7w ( )
Now, from the dispersion relation Eq. (2.26), for each k& we have two energy values, i.e.
ONsp = 2 6Ngi,. And as 6F = 2. §|k| = 4/ i’ZZ\/E d|k|. Then, the number of states

within 0 F as a function of energy becomes

L 2m* 1
Nsp = —1\| == — . F. 2.98
WNow =3\ 50 (2.28)

For the case in three dimensions, we proceed in a completely analogous way

considering the space isotropy. We have dk = 2% and 6N = 2-8:33%, with 63k = 4x|k|?-d]|k|,




Chapter 2. Theoretical Background 26

in spherical coordinates. So, 6F = % - d]k|, and we can write the 3D state count as a

function of energy as

L3 -m*
ONsp = ——V2m*E - 0F, (2.29)

h372
and the density of states expression is obtained by taking the ratio of the above expression

per unit energy and unit volume, L3.

Now, returning to the calculation of the number of occupied states, solving Eq.(2.21),

we get

m’ */E_Oo (E— Ep)”"?

p =
h37m2 E=Ep 1 + exp (kfj_“};f)

dE, (2.30)

and considering again the nondegenerate limit with the approximation that £ — pu >>

3/2
27rm*kBT€ff < EB—,U)
—o Bl ) _B R 2.31
P < (27h)? ) P\ kn Ty, (2:31)

From the equations (2.15) and (2.31), we can write the expression for the FLUX in the z

kgTess, we have

direction as

_ ArmrRET, ( Ep — ,u) (2.32)

F, = -
(27T FL)3 k BTe ff
Now, to generalize this model, let’s imagine the charge activation process happening on

both sides of a barrier, as represented in Figure 3.

P e
E | |»

AN

Figure 3 — Schematic representation of a energy barrier. At the left and right side of it, it is depicted
the chemical potentials py, and ugr, respectively. The energy barrier Fp separates these two
regions, with the chemical potential on the right side given by up = U + pz and U = —|e|V.
F}, represents the carriers flux that goes from the left reservoir to the right one over the barrier;
in an analogous way, Fr represents the carrier flux from the right to the left side. In case
we are dealing with electrons, due to its negative charge, if one wants to write their current
densities, they will be represented with a inversion in the direction of their respective fluxes.

See that ugr = pr + U, with U modelling a displacement in the energy profile of
the device that is caused by the applied bias voltage, i.e. U = —|e|V. Thus, left and right

fluxes can be written as

_ Amm* kT (_EB — ,uL) (2.33)
L (27h)3 kpTop ) '
47Tm*k%T2 EB — UR
o T (B
R (27Th)3 oXPp kBTeff ( )
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and the net flux in z direction, F', obtained by the addition of the previous terms as

47rm*k]23T2 EB — ML U
(271'77')3 S kBTeff P kBTeff ( 35)

Note that Eq.(2.35) models the flux produced by thermal activation between two regions

with different chemical potentials, p; and pur = U 4 pp, with the presence of an energy

barrier Ez between them and a applied bias voltage V.

In order to recap, Eq. 2.35 has been obtained by means of a semiclassical formulation:
while the speed of electrons have been modeled by using the classical Maxwell-Boltzmann
distribution, the Fermi-Dirac function, of quantum mechanics, have been used to calculate
the electron occupation of the energy levels. Besides, the validity of Eq. 2.35 is true for a
high enough energy E of the electrons or, equivalently, for sufficiently low temperatures,

. E—u
Le. oo < 1.

Now, in the following section 2.2, we use the ideas and the formalism of Eq.(2.35),
that describes thermalized Maxwell fluxes through a single barrier, as the basis for building
a carrier generation mechanism in solid conductors. This mechanism, as it will be seen,
has been modeled by using the fluxes of particles description but now applied to double

barrier regions, that will play the role of generation or trapping sites.

2.2 The model used to study the memory emergence

Under an electric field, E, within the mean free time approximation, 7, and a
wide temperature range, the current density in solids can be described by the Drude like
formalism, where the main contribution is provided by carriers at the Fermi energy. Thus,
the conductivity itself becomes proportional to the carrier concentration: p = pg + dp, like
in Eq. 2.4,

j = e*r/m* (po + p) E. (2.36)

Here we have singled out the perturbative contribuition of nonequilibrium carriers, dp, that
can be promoted to or removed from conductive states by a combination of photogeneration,
heating, and/or external fields, as represented in Fig. 4 (a) under an applied bias voltage.
In terms of current, I = jA (A- cross-section area), driving voltage V', and number
of nonequilibrium carriers in the volume Q, dn = dp), Eq. 2.36 can be translated as
I = (G + aon)V, where G represents the conductance of the unperturbed system. Then,
given the size, a,, of the segments where nonequilibrium charges are generated or trapped,
as displayed in Fig. 2 (a), and the distance between contacts L,, the local voltage drop at
each generation or trapping site is defined as nV', with n = a,/L,.

For simplicity, we will consider a single transport channel with just electrons or holes

that can be generalized afterwards to more complex combinations. Then, the fluctuating
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on under the influence of external perturbations can be emulated by using the relaxation

time approximation
20 _ g(v) ~ dn(t)/. (2.37)

with g(V') being the voltage dependent generation rate and 7 - the non-equilibrium carriers

lifetime that rules the relaxation process. One may thus assume that the carrier generation

can be thermally activated and/or induced by light absorption.

Energy

(b)

H

Figure 4 — (a) Schematic diagram representing the activation of trapped non-equilibrium carriers under
external voltage and the local bias determined by the efficiency 7, that is related with the
density of generation sites in the material, namely: n = Site Length/Total length (b) Diagram
representing trapping site with metal-semiconductor-metal profile and the mechanism of
promoting carriers to the conduction band by thermal excitation.

The effective energy profile, assuming axial symmetry along the transport direction,
has been displayed in Fig. 4 (b), where the nonequilibrium charge dynamics will be driven
by the relative heights of left and right effective barriers that modulate the particle fluxes
at each side of the trapping site, represented by arrows. The incoming (in) and outgoing
(out) components of Maxwell particle fluxes over each side of the barriers can be calculated
(according to Eq. 2.15) as F' zrég)ut) =dp m(om (v)/4, where (5pOL“g§n is the particle density at
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the given interface* and (v) is the mean value of the thermal velocity, exactly as discussed
in Section 2.1. [30]

Thus, considering a given carrier effective temperature, T.s; [31], and using Equa-

tions. (2.33, 2.34) for the fluxes over a barrier, one obtains

. o dam* (kpT.py)? < Eg )
pin _ pin _ exp [ — : 2.38
f (27h)? P kpTery (2:38)

and

2
* Ep + -
. drm* (kpTess) ox (_ B T HL(R) uc). (2.39)

Frir) 3
(27h) kpTesy
For the cross section, S, and a given number of localization sites along the direction

between contacts, 1/7, the total generation rate of non-equilibrium carriers becomes

g . .
g= 5 (FP" — Fi* + Fg — FY) (2.40)
Then, given the lack of any preferential direction or intrinsic gradients within the effective

profile of Fig. 4 (b), we can further impose the symmetry constraint, ur — poc = e — pr,
that reduces g(V') to

io neV. nevV
V)=— {exp (—) ~+ exp () — 2] , 2.41
g< ) n QkBTeff QkBTeff ( )
« 2
with 79 = % exp (— kBET’jff). Note that we have assumed uc as the source of

nonequilibrium carriers. In case puy and pgr were the sources, it suffices to invert the sign
of ip in Eq. (2.41). We may also introduce another generation function that is used for
single junctions or diode-like responses, given by

n neV
V)=go+ — {1 —ex (— )] . 2.42
9(V) = go p P\ (2.42)

Thus, the combination of these basic ingredients, namely: 1) the existance of non-
equilibrium carriers and 2) their dynamics, that is driven by a generation function and a
decay term; can be proven to be sufficient condition for the emergence of memory in the

transport properties of solids, as it is shown in Chapter 3.

The generation function of Eq. 2.42 was used as inspiration for the construction
of the models that have been presented in Chapter 3. In this Chapter, many insights
of memory emergence features are explored and presented. Finally, in Chapter 4, the
generation function of Eq. 2.41 will serve as the basis for the theory used to describe and
predict results in samples of ZnO thin films that were built and characterized by colleagues.
The good agreement of theory and experiment presented there points to the robustness of
the model.

4

In order to avoid mistakes, note that while dp is the non equilibrium carrier density, n represents the
effective non-equilibrium carriers number.
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3 Theoretical results

In this chapter, we have explored the features of our conductance model that is
subjected to distinct generation functions and voltage inputs. This resulted in four cases,
that provided a rich amount of results and insights about the memory formation and its
properties. In all those results, the inspiration for building the generation functions came
from the Diode-like function of Eq. 2.42. By approximating this function up to first order
terms in voltage we have been able to produce compact analytical solutions. This case
yielded a Type-I response as demonstrated in the following section. Extrapolating a little
further, we have also built other model where the generation function, was also taken to
the first order in voltage of but a symmetry was imposed by taking its absolute value. This

later case was used to highlight the memory emergence of a Type-II response.

This Chapter is organized in the following manner: In Section 3.1 we present the
results for systems driven by both cases of generation function, under a periodic sinusoidal
bias voltage. We deduce and explore their properties analytically, comparing the differences
in the responses that arises by the symmetry change of the generation functions. After
that, in Subsection 3.1.1, we extrapolate the analytical results by numerical methods and

assess the strength of the analytical model out of its validity regime.

Subsequently, in Section 3.2 we proceed in a similar way, with the same two kinds
of generation functions, but now studying the response under a triangular voltage input.
The results in this chapter are novel and provide interesting insights about the memory
formation, demonstrating how a simple change in the form of the input can drastically
affect the response of a memristive system (once it is compared with the previous responses
of the sinusoidal section). The triangular Type-I and II models are developed in details in
Subsections 3.2.1 and 3.2.2, respectively; while in 3.2.2.1 the results are compared, and

figures of merit are presented.

3.1 Sinusoidal input

Let us first consider the diode-like generation rate of Eq. 2.42 within the relative
low voltage approximation, when % << 1. In this case, and neglecting terms beyond
first order in voltage, Eq. 2.42 reduces to g(V') = go + oV (t), with 0 = ipe/kpT.ss. Two
basic sets of responses can then be distinguished corresponding to Type-I and II, with
generation rates g'')(V) = go + o VI (1). According to the diagrams in Fig. 1: Type-I
corresponds to an asymmetric system, where the nonequilibrium transport contribution
can be activated or deactivated according to the voltage sign, VI(t) = V(¢), and Type-II,

which is simply symmetric and thus independent of the voltage polarity, VI (t) = |V (¢)|.
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Hence, in the linear response approximation, Eq. 2.37, for each type of dynamics, reduces

to !

don'" jdt = go — on"D /7 + o VIUD (1), (3.1)

Solving Eq. 3.1 for sinusoidal voltage pulses we obtain analytical expressions for the carrier

number as a function of time, before and after a steady regime is set.

For the transient response, we can write the solution of the Type-I system (asym-
metric) as a simple equation while, for Type-II (the symmetric one), it can be provided in

a recursive form; namely [1]

(
1% 1%
onl(t) = léno — goT + OTOQ}TQ] e~ 4 gor + AR N sin(wt — ) (3.2)
) 1+ (wr) 1+ (wr)?
oTVowT _a/r otV .
5n§1(i§) = [n]_l JgoT + 102] e 4 goT + 702 sin(w¥ — ) (3.3)
+ (wT) 1+ (wr)
where the initial conditions are n{(0) = ny and nif(0) = ng, with ¢ = arctan(wr). Also,
for the case of the Type-II system, the index j = 1, 2, 3, . . . enumerates each voltage
semicycle with the time variable, T, defined within a semiperiod range, ¥ € [0,7/2] with
T . .
nj = Lcoth (47) (1 — e’J%) + nge 777, (3.4)

Being L a parameter defined as
_ 2
L=orVowr/ |[(1+ (wr)?] (3.5)

By waiting enough time, the first decay terms vanish and a steady state is reached where
the solutions become independent on the initial conditions and can be written, for Type-I

and II systems, as [1]

( otVj

I t frd —|— S. t — y 36
o) = gor + it = ) 36)
—T/7 2072
nI(T) = gor 4 o e

1+ (wr)?1l—exp(—X) (37)

a7V sin (w¥ — ) |

\ 1+ (w)? 7
with, ¥ in the range [0,7"/2] and

¢ = tan"H(wT). (3.8)

The resulting time dependence has been displayed in Fig. 5 (a), including the transient
regime. The current for each type of system under the stabilized condition can thus be
calculated as

I =[Gy + aonfID (1) V(). (3.9)

Where gg corresponds to a constant in the generation function, that could be attributed, for instance,
to a light excitation term of non-equilibrium carriers.

1
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They are displayed, for the steady state regime, as function of time, in Fig. 5 (b) and
as current-voltage I — V characteristics in Figs. 5 (c¢) and (d). One may note that the
hysteresis of Type-I system is asymmetric, while Type-II shows a symmetric behavior.
The Figures 4 (e) and (f) present the asymptotic functional form of I - V characteristics in
the limit of very slow or fast drives, respectively. They point to the hysteresis collapse for
both systems in the limits of zero (DC pulse) or infinite frequency. The latter yielding

Ohmic responses.
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Figure 5 — Response difference between Type I (black lines) and Type II (red lines): (a) Transient towards
the steady dynamics of nonequilibrium charge carriers under an AC voltage. (b) Current as
a function of time for type I and II systems, in steady state regime. Here, N, represents a
sufficiently high number of periods for stability to be achieved. A solid pattern of a period of
the voltage sweeps has been added in the background. (¢) Type I current voltage characteristics
after stability. The conductance values, Giow and Ggﬂ ghs b zero bias are indicated by dashed
lines while S,, and S; label the areas of the upper and lower I — V loops, respectively. (d) Type
II current voltage characteristics after stability with a single conductance value, GJ, at zero
bias indicated by a dashed line. (e) Stable I — V response under an adiabatic voltage supply
for type I and IT systems. (f) Stable I — V response under fast voltage oscillations for Type I
and II systems.

Note, in Fig 6 (a), the sharp contrast between the conductance loops as functions
of applied bias. While Type-I systems present two different values of conductance at zero
voltage, an important feature for memcomputing functionalities; the Type-II systems
present only a single one. This contrast can be tuned with the frequency of the voltage
drive as depicted in Fig. 6 (b). According to this picture, the difference between on (high)
and off (low) conductance states in Type-I systems collapses for low or high frequencies

and it can be explicitly written as

Géqugh (W) -
aoTV)

Géo,Low( 2wt

1+ (wr)?’

w) _ (3.10)
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pointing to a maximum on-off difference once wr = 1. In turn, for Type-II systems, the

single conductance value at zero voltage is given by

G (w) — Gy WT
’ = coth (
aoTV 1+ (w7)?

=) o

with a monotonic growth that has also been represented in Fig. 6 (b).
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Figure 6 — (a) Conductance as a function of voltage, after reaching stability. (b) Conductance at zero
voltage as a function of normalized angular frequency of the applied voltage within the linear
approximation, under stable cycles, for the high (on) and low (off) conductance states of Type-I
systems, represented in black; and for Type-II systems, in red. (c¢) Calculated current-voltage
loop areas for both types of systems and (on the inset) expected evolution of the loop area (in
absolute arbitrary units - valid for Type-I and Type-1I) with increasing temperature.

Another relevant parameter used for the characterizations of the memristive re-
sponse are the Content Values, that are represented by the areas of semi-loops of the
current-voltage characteristics. It is used to measure the strength of the system memories
properties. The definition of Content for the upper, SIUD and lower, Sll (H), loops are

SI) — / D gy and 10D = / T pungy, (3.12)
=0 #=T/2
In the case of sinusoidal voltage inputs, explicit expressions can be obtained that become
figures of merit of our model. For Type-I they are
S! B St B WwT
(2/3)acTV; (2/3)acTV; 1+ (wr)?’

(3.13)
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and for Type-II
SH B SH . wT
(2/3)acTVy — (2/3)actVi 1+ (2wr)?’

depicted in Fig. 6 (c). One can see in Fig. 6 (c) that the memory strength of Type-I and

(3.14)

IT systems can be boosted by tuning the values of the applied voltage frequency. In Type-I
systems, the maximal response happens at a higher frequency of applied voltage, namely
w = 1/7; while, a lower frequency of w = 1/27 is needed to obtain the maximum area
of Type-II systems. Both Content values, however, increase with increasing temperature

under the current hypothesis, as depicted in the inset of Fig. 6 (c).

3.1.1 Analytical Result Accuracy Beyond its Validity Regime

As mentioned in the beginning of Section 3.1, the validity of the linear approxi-
mation occurs whenever % < 1. But we have also calculated the model response for
conductivity and content numerically beyond the analytical regime. [1] What we want to
show here is that although the model does not yield perfect results outside its validity
regime, as expected, it does provide strikingly useful information for optimal tuning even

outside the analytical approximation, as it can be seen in Figures 7 and 8.
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Figure 7 — This figure shows the normalized conductance as a function of wr, for the first two images.
The black color is used to represent the Type-I system, while the red one, the Type-II. Points
are used to indicate the analytical results from the linear approximation and the lines were
obtained by means of numerical calculations. In the third picture the normalized difference
is depicted between the states High and Low conductance of the Type-I system, for different
values of 1. Note also that for n = 0.01 (continuous representation) and n = 0.001 (dashed
representation) the curves almost coincide.

In the sequence of images in Figure 7 we have depicted in black the values cor-
responding to Type-I system, and in red, the ones for Type-II. The dots indicate the
analytical solution of the conductance for the first order approximation, while the lines
represent the numerical results. It can be seen, in the first image, that for a very low
71 the system obeys the linear approximation regime and the analytical results coincide
with the numerical ones. In the second image, n is not small enough in order to force
the system to operate under the linear approximation, thus the dotted analytical results
differ from the numerical ones. And in the third picture, we have depicted the normalized
difference between the zero conductance states of Type-I system, as a function of wr for
different values of 1. The remarkable conclusion here is that even beyond the condition
when the first order approximation fails, the position of w7 that leads to the optimal

memory response does not change drastically. In other words, the linear approximation
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provides strong clues for finding the optimal external tuning parameters (frequency, w,
in this case), even for large voltage amplitudes or for systems that extrapolate the linear
approximation. Namely, the optimal response for maximizing the on-off ratio of Type-I
conductance occurs at w = 1/7. In a similar way, Figure 8 also indicates that even when a
system does not obey the linear approximation regime, the location of their maximum
content values remain around the location expected for the linear analytical result, i.e.,

for the Type-I system, the content is maximized at w = 1/7; while, for the Type-II, for
w=1/2T.

T T T T
4+ Numerical ]
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3t n=0.001
. <esseess 11=0.001
":->: . Q lower loop ——1=0.01
g - O wpperloop -~ | . .. n=0.01
Q . n=0.1
) r n=0.1 ]
— :0°9°0.g
— 0‘0- ©
' plecooooongd w@ 0-0-6—|
-
Upper loops
- 1 1 1 1 o
O 0 T T T T O-O-0-O—
)
5701 ]
© .
=] Numerical
st .
P calculation
= 1=0.001
% o2l ——n=0.01 |
n=0.1
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kBTEﬁ(meV]
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10” 107 10" 10’ 10' 10’ 10°

Figure 8 — In the upper image the upper and lower current-voltage areas of Type-I system are depicted for
several values of 7, that are represented by lines, while the dots represent the values obtained
from the linear analytical approximation. In a similar way, the lower picture shows the results
for the Type-II symmetrical system. While, in the inset, the expected evolution of the loop area
is represented (in absolute arbitrary units valid for Types-I and IT) with increasing temperature.
This Figure were edited from [1].

3.2 Triangular input

In analogy to the sinusoidal voltage input investigations, we consider again a single
transport channel with just electrons or holes, with dn representing the non equilibrium
carriers that appear under external perturbation and are given by a rate equation like
Eq. (2.37). Again, we consider the diode-like generation rate of Eq. (2.42) within the
relative low voltage approximation, when % << 1. In this case, and neglecting terms
above first order in voltage, Eq. 2.42 reduces to g(V) = go + oV (), with o = ipe/kpTesy.

Two basic sets of responses can then be distinguished corresponding to Type-I and 11, with
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generation rates gI(H)(V) = gy + oVIUD (t).

The difference consists is the introduction of a triangular voltage pulses, as repre-
sented in Fig. (9), as used for the cyclic voltammetry measurements. The voltage can be

described as

%?z, 0<T<T/4
2
VTriangular((Z) = 2% (1 - 7‘73) 5 T/4 S T S 3T/4 y (315)
4
;?@—T% 3T/A<T<T

where ¥ is a time variable, namely, a time that starts in the beginning of a cycle and ends

in the end of it. In another words, if ¢ is the usual time variable, so T = Remainder(t/T).

T T T T T T T
10 -

05 - 4

Voltage (V)
o
o

-05 | -

-1.0 -
1 1 1 1 1 1 1

0 5 10 15 20

Time (1)

Figure 9 — Voltage Vrrianguiar With a period T'= 10 7.

So, we can rewrite the generation function in a more explicit notation, as
(11 (1
groi (Ver) = o Vi (1), (3.16)

where, for simplicity, we have eliminated contribution of gy that could be attributed to a
constant generation rate induced by light, for instance. Furthermore, V/ , = Viriangular

. I _
while V. = |Viviangular|, namely

7

oo 0<T<T/4

vii=¢ T g , (3.17)
2V0<1—T), T/A<ZT<T/2

where the time variable, T, represents in this case the time within each semiperiod T/2,

or ¥ = Remaider(t/(T'/2)), and V}I is represented in Fig. (10).
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Figure 10 — Voltage Vj{fl normalized, with a period T' = 107 in dark cyan, while the corresponding
Vrriangular normalized is shaded represented in cyan color.

3.2.1 Type-l System

We look for solutions of the following differential equation

don(t on(t
dt( ) __ T< ) 4 VD). (3.18)

In this case we have to solved the system within three different regions, that are defined as

First = {‘3, T e [0, Zﬂ} , (3.19)

Second = {‘I, T e [T, 3T}} : (3.20)
4" 4

Third = {T, T e [?)ZLT,T}} , (3.21)

with T being the effective time inside each complete cycle 7, i.e. ¥ = Remaider(¢/T"), or
equivalently, t =471 + T, with ¢ € N, and the index ¢ labels the number of complete cycles,
starting with ¢ = 0.

Before solving the system within each region, in order to simplify the results, lets

define the constant a; that will appear frequently in the calculations

401 Vy
a1 =
1 T )

(3.22)



Chapter 3. Theoretical results 39

thus, solving 3.18 for each region, one obtains

onfH(T) = [on) T 4 ar?] T + arT — ar? (3.23)

(]

T
5nfecond(‘z> _ {571?, Second CL47’ i CLT2:| e—(i—T/4)/q— — ar (T . T/Q) + a7_2 (324)

al'T

Sn Mrd(T) = [(5 0. Third | 72 ° 4 a7 } ~ESTAT L4 (T T) — ar?, (3.25)

that corresponds to the solution for the i** voltage cycle, with the following initial

conditions,
571?’ Second _ 5nZFirst (g — T/4), (326)
(5’]71?7 Third _ 6n’%l“hi7‘d(z —_ 3T/4) (327)

Which yields, rewriting all the expressions in terms of the initial condition of the First

region of the i'* cycle

Snir(F) = [571?’ Frirst 4 arﬂ e+ arT — ar? (3.28)
onJecond () = [571?’ First | aTQ} e T —ar? [26’“’”4)/7 — 1] —ar (T=T/2) (3.29)
onthird(g) = [57@?’ First 4 aTQ} e T —ar? {26_(T_T/4)/T — 2~ 3T/ 4. 1}
(3.30)

+ar (T-1T)

Now we can get a recursive relation for the initial condition of each cycle, realizing that
the end of a i, using dn?""4(%), region should be equal to the beginning of the (i + 1)
cycle, given by onfrst(T):

onfirsi (T = 0) = onyr i = onFMr YT = T), (3.31)

which yields the following recursive form for the initial condition of the first set of equations:

n?_,i_first )\ +n 0 Fzrst T/T’ (332)
where )\ is can be written as:
A= ar? e/ — 273/ 9 T ] (3.33)

Now, using the recursive form of Eq. 3.32 and starting at the ¢ = 0, we have

O,F' t
5 : rs _(5”8

=ond = X4 onde T/
n OFzrst_(SnQ >\+)\€ T/T+6n e =27/t

(5 0 Fz'rst

on OFzrst _ 5”3 — A+ e T/T + e 2T/T+5n e =37/t (334)
N— .
2 = o () 0 S (Y dori 0

J=0
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And solving the geometric progression sum, we can write

0,First 0,First / 1—e N7
JFirst 0 _ Jirst —NT /T

— e T

0,First . : .
where we have denoted dn,y* in a more concise form, just as dn%;. In order to be clear,

ny (N = 0) means that no complete cycle have been achieved yet, while dn; indicates that
N complete cycles have been already achieved. So now, the Equations (3.28),(3.29),(3.30)
that described a i*-cycle in terms of the initial conditions of these i"*-cycles, can be
rewritten in a more explicit way, in terms of the very initial condition, i.e. the condition
for the i = 0 cycle (dnf), just using Eq (3.35) of dn%:

(

[6n% + ar?] e 4+ arT — ar?
SnliTri () = [0n% + ar?] e/ — ar? [2e" 7TV — 1] — a7 (T - T/2) (3.36)
[6n% + ar?]e ¥ — ar? [26_($_T/4)/T — 2e~(33T/4)7 1}
+ar (T -1T)

\

with T belonging to the respective intervals: {[O, ﬂ, [%, %], [%, T} }.

For a sufficiently high number o cycles N, from Eq. (3.35), we can write the initial

condition for stables cycles as:

, ; 1
Gt = Jim ony " = A—— (3.37)

n =
N—oo 1—eT/7

So, the stable cycle solution for dn(¥) can be written as

( L= e\ ain, T
21 2% " —(34+T/4)/7 — a7 4
2a7-(1_6T/T>e +at¥ — at”, 0<T <4
1— 67T/2T
2 2% ) - E+T//T
2aT1 (1—6—T/T e
SnLTri(T) = —ar? 27T/ ] —ar (T-T/2), LT<3T<i (3.38)
1— e—T/QT
2l =~ = —(T+T/4)/7
2at (1—eT/T e
—ar? [2e7CTT/D/T — 2e= (3TN 4 1]
\ +ar (T -T), L <T<LT
The current of the system can then be calculated as
[gc’)Tm' = (GO +« (571&?” (‘Z)) VTm‘zmgularCZ)a (339)

while the conductance is just

GLI" = Gy + aonll™(T). (3.40)
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And the conductance values at Viyignguiar = 0 are given by

2 L= PN\ s
CT*oo,Low(g = 0) =Gy —aat” |1 -2 W e (3.41)
T 1— -T/2T
Goo,Hz‘gh((Z = §> =Gy + aat? [1 -2 (1_66—T/r) eT/4T] (3_42)

In turn, the Content values can also be calculated analytically

T/2
Sup = 1(%T)dV, (3.43)
T=0
T
Sdown = 1(Z)av, (3.44)
T=T/2
with STl = — S770! vielding
Tri,l 4 Vn%az‘ Q 01T2
Sup - T
[(L+eT/27) T2 -8 (=147 T74+32- (-1+ eT/im)? 72| (3.45)
eT/2m 41

This expression allows finding numerically the optimal period to maximize content
in absolute values as being
TI ~ 6.754957 7. (3.46)

max

Note that the maximum area for the corresponding system with a sinusoidal voltage was,
Tsin max — 27T7— ~ 628317_

3.2.2 Type-ll System
In this case, we look for the solutions of

don(t on(t
dt( ) __ T( ) (3.47)

with V},{f) given by Eq. (3.17) and we will split the solution in two different regions, that

we call

} , (3.48)

Second = {E, T e E;, g]} , (3.49)

First = {’S, T e [O, ZJ

with T being the effective time inside each semi cycle ¢, i.e. t = (i — 1)% + %. Now, in a
similar manner, lets define a useful constant

40’2%
T )

(3.50)

Ao =
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thus, for the corresponding time intervals, we have

Snlr(T) = [571?’ Forst 4. CLT2} e ¥ 4+ ar¥ — ar?, (3.51)
sniecond(g) = {(M?’ Second _ CLZT —ar?| e TV 1 (T - T/2) + ar?, (3.52)

with,
ong Seond — gpFirst(g — T/4) = [n? Frorst 4. aTﬂ e~ T/ 4 aTZ; —ar?, (3.53)

where the index ¢ is now counting semi-periods of the voltage cycles, starting at ¢+ = 1 for
the very first cycle.? Now in order to obtain a relation for the initial condition of each

cycle, note that

ong 1t = gngeeond (g = T/2) , fori > 1, (3.54)
yielding
ng Tt =N+ g e/ (3.55)
2
with, A= ar? [1—2e7 747 4 e T2 = g7 (1— e 7077 (3.56)

This recursive relation can be rewritten in a more detailed form (term by term) just like
we did in Eq. (3.34). And in a similar fashion, we can write the N**-half cycle initial
condition (of the first half interval) in terms of the initial condition of the first half-cycle

and of a sum of a geometric progression, as

N-1 j—1
0, First __ —-T/2T7\/"
ney =AY (e )

=1

n n?,:.f‘irst (efT/27->N71 7 (3.57)

for i = N > 2; while for N = 1 (the very first half cycle) we have n)"""*" = nQ.® The

—T/2T

sum of this geometric progression, with initial term a; = X and ratio ¢ = e can be

evaluated, yielding

0, First 1 — e~ (T/2NWN=1) 0, First _—(T/2r)(N—1
o™ = 0l = M| ey ) oy e T for N > 1 (3.58)

with N counting half-cycles, starting at N = 1.

For a sufficiently high number of half-cycles N, we can get the initial condition of

the stables half-cycles, as

0, F 0, First T2
irst — 1: irs
ny = lim ony =A\—.
> Nooo N el/2r

It is worth noting that here, in triangular Type-II system the counting index i is starting at i=1 for
the first count piece and is counting voltage semi-cycles; while, for the previous triangular Type-I
system, the index ¢ starts its counting at i=0, and counts entire voltage cycles

3 Where i or N here (i = N) corresponds to a counting index of the half-cycles and not of the entire

voltage cycles.

(3.59)

2
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So we can write the solution of the stable half-cycles in the following manner

ar? {e=%7 [coth(L) — esch(L) + 1] =1} + ET, 0<T<T
, T
O™ (T) = art{e" T [coth(L) — esch(L) + 1] -1}
—o(T-3), §<T<E
(3.60)

Now, we make a short break in our logical reasoning before describing the current, in
order to define useful asymptotic expressions that will be suited to evaluate important

expressions later on. For simplicity, lets define the Hy (x) function as:
Hy (z) = coth(z) — esch(x). (3.61)

Considering Hy (x) it is worth noting its asymptotic limits and its first order Taylor

expansion form, respectively *

lim Hy(z) =1, (3.62)
lim Hy (z) =0, (3.63)
Hy (z) = g (3.64)

where the third one is valid for sufficiently small arguments (x), until its first order.

By applying Eq. (3.62), Eq. (3.63) and Eq. (3.64) to Eq. (3.60), of dnllI" we

obtain the following asymptotic forms in period for dn’l-Tm(%):

oo VoT

lim dnfl 7 () = 72

T50

(3.65)

Vooord x, for T < T/4; x € [0,1/4], with T = xT

Vooor[l — 4], for T>T/4; y € [0,1/4], with T=T 4+ T
(3.66)

(period) have been established, lets return to the

lim onll7"(T) =
T—o0

II,Tri

Now, once the useful limits of dn_]

physics and define the current of the system as
T = (Go + aonll"™(2)) - Vivianguiar (%), (3.67)
while the conductance is just given by
GILTU(T) = Gy + adn!lLT(T). (3.68)
Now, calculating the zero point conductance (at Viyianguiar (%) = 0) for the beginning and
the end of the first and second half-cycles, respectively, we have °
GL(E=0)=GX(T=T/)2)

=Gy + o« (802‘/07—2) . et/ —1 LellAT 7402%7'2 (3.69)
0 T eT/2r — 1 T

These expressions will be used later on in this text.
5 Which means, the values at the start and the end of a entire cycle, i.e. of two sequential half-cycles.

4
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which reinforces this system as a Type-II (symmetric type).

We can also calculate the asymptotic forms of the zero-conductance as a function
of period by using the on limits, given by Eq. (3.65) and Eq. (3.66), and replacing them in
the conductance Eq. (3.68) while setting ¥ = 0, which yields

Jim GILTT(T = 0) = G, (3.70)
. 1%
lim GILT™ (T = 0) = Gy + 0‘022 0T (3.71)

The Content values will be defined as

T/2
SUP = < I(‘z>dVTriangular (372)
=0
T
Sdown = I(T)dVTTiangular - Sup (373)
T=T/2

Specifically, for the upper loop we can write

S rwav+ [ iy, 74
up — s 3.
p= [, @V + [ 1) (3.74)
that is
T/4 A 4 4
S = [ sy (o) (45)
T=0 T T
(3.75)
/2 II,Tri 4Vo 4Vo
/ (Go + adnt2 i) (215 — 20 ) (207 ) 4=,
I=T/4 T T

Yielding the following explicit formulae for the contents (considering the Type-II symmetric

response of this system):

2

-
Sup = Sdown = 6404021/;3%ﬁ

{27’2 — [Hy (T/47) + 1] <7’2 + ZT) e T 4 [Hy (T /47) — 1] <7’2 — Z;T) el/4T 7;;}

(3.76)

Now, by introducing the parameter x = T'/47, the expression in Eq. (3.76) can be rewritten

equivalently in a simpler way, as

2 (" —1 1
Sup = Sdoum = (09 ‘/037' {1‘2 (er T 1> — gj‘} . (377)

This can be used to find numerically the optimal period capable of maximizing the content
in absolute values, that is

TILTr 5 12,8489 7 (3.78)

max

Note that the maximum for the corresponding system with a sinusoidal voltage was
achieved for: Tgin max = 477 ~ 12.5664 7



Chapter 3. Theoretical results 45

3.2.2.1 Comparing the Triangular Systems’s Responses

From the equations Eq. (3.36) (for a type-I system); and Eq.(3.51), Eq.(3.52) (for

a type-II system), we can compare the evolution of their non-equilibrium carriers, n’'!,

in time. As depicted in Fig. (11).

0.6 T T T T T T T T T

05

04

— Type |l
T=1,n=0 1

ANAAAAAAN
VVUVTVIYY

10

0.3

0.2

on (otVv,)

0.1

Time

Figure 11 — Transient behaviour of én! and én!!. Parameters are: o1 = 0o = 100; 7 = 1; T = 10; Vp =
1;n9 = 0; Go = 1; a = 0.01. After a sufficiently long time the systems reach the stable
regimes.

We can also compare the behavior of the systems, in their stable regimes, looking

at their currents in a time interval of a single voltage cycle, as depicted in Fig (12).
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Triangular

(t)

Current (G, V)

-0.5

-1.0

-15

Time (1)

Figure 12 — Normalized currents and voltage for one stable cycle. Parameters are: 01 = g2 = 100; 7 =
1; T=10; Vo = 1;n9 = 200; Gy =1; a =0.01.

Note that the discontinuity in the first derivative of the voltage input (at T = 7'/4

and ¥ = 37'/4) leads to discontinuities in both currents derivatives.

From the equations of current, namely, Eq. (3.39) for Type-I; and Eq. (3.67) for

Type-1I; we can compare their I-V characteristics, as depicted in Fig. 13.

Current (G, V,)

Current (G, V)
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151 — Typel
[ T,. 06751
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'_ —Typell
Tya 012851
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Figure 13 — Current voltage curves for a) Type I system, with maximum in 7' = 6.757 ; and type II, with
maximum in 7' = 12.85 7, b).Parameters are: 01 = 09 = 100; 7 = 1; V = 1;n9 = 200; Gy =

1; a=0.01.

Note also that the period, T', of them is different in these plots, and have been
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chosen in order to maximize the content values of their hysteresis; i.e., for the Type-I

system we have T4, =~ 6.757, while T} =~ 12.857, for Type-IL.

ax

From Egs. (3.40) and (3.68) we can plot figures of merit of the conductance of the

systems as a function of voltage (Vryianguiar), as displayed in Fig. 14.

1.08 | ' | ' ' | ' |
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G I, Tri, Low

0, O\

0.96 - Typel

e Type |

0.94 -

-1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Figure 14 — Normalized conductance as a function of voltage for a stable cycle. The Type-I system presents
two conductance states at zero voltage, high and low, while Type-II, the symmetric one,
present only one state. The parameters used are: o1 = g9 = 100; 7 = 1; Vy = 1;n9 =
100; G =1; a =0.001 and T = 27.

The discontinuities of the conductance derivatives at extreme left and right po-

sitions are expected because of the discontinuities on the voltage’s derivative function
d

(d‘ZVT”ang“lm((z)> at these same positions. Also, at zero voltage, the Type-I system

presents two different conduction states (High and Low) while Type-II presents a unique

conduction state, just like for the sinusoidal voltage input.

The conductance states at zero voltage are written in Eqgs. (3.41, 3.42) for the

Type-I system and in Eq. (3.69), for the Type-II. These equations can rewritten in the
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following normalized form
GI’TMLLOUJ -G 1— —T/27
V=0 (D) - ) e (3.79)
o1tV T 1—eT/7
GI,T?“ZLHigh _ G 1 o —T/QT
20,V=0 044 (1> DY R, (3.80)
oatVp T 1—e /7
QLT -G Exp (1) -1 17T
oo V=0 0 g (1) M - Exp ( ) —4 (1) (3.81)

ootV T/ | Exp (ll) -1 4T T

2T

The normalized states of conductance at zero voltage, as a function of the period, from

Egs. (3.79, 3.80, 3.81), are shown in Fig. 15.
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Figure 15 — Normalized difference of the zero-conductance states with their unperturbed conductance (Go)
as functions of the period (T"). The two different conductances states of Type-I system are
depicted in black: the dotted line for the higher state and continuous one, for the lower. Also,
the maximum difference between these states is achieved at the period T =~ 6.022 7 (obtained
numerically). The unique conduction state of the Type-II system is depicted in the red
continuous line and their asymptotic values are in perfect agreement with the equations 3.70

and 3.71. Parameters are: 01 = 0o = 100; 7 = 1; V) = 1;n9 = 100; Go = 1; o = 0.001.

It can be seen, in Fig. (15) , that for high values of period, i.e. very small values of

the frequency w = T'/27, all the conductance states (for both systems) converge to their

unperturbed value (Gy). This phenomenon is expected and can be understood considering
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that the input voltage function changes so slow, that the system has enough time to return

to the unperturbed state, by means of the relaxation time (7) mechanism.®

For small values of T, i.e. high frequencies w, the Type-I system still returns to
its unperturbed state (Gg) due to the oscillating character between negative and positive
values of voltage of its generation function. In contrast, the Type-II system reaches a kind
of stable conductance state that is different from (Gy) and it can be understood if we
note that its generation function dependence with voltage is oscillating very fast but only
in positive values of voltage. Thus, we have a kind of either fast excitation or trapping
mechanism (and not both) and also a relaxation mechanism (driven by 7). Therefore, the
interplay between the very fast generation mechanism and the relaxation one reaches a

steady equilibrium, yielding a conductance value different from (Gj).

The normalized upper content values of Eq. (3.45), for Type-I system, and Eq. (3.76),
for Type-II are depicted in Fig. (16).

||||||||| ||||||||| ||||||||| ||||||||| ||||||||| ||||||||| LELELLELRLL
0.00 —
o — Typel
-0.05 - | TypellH
D X - ]
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3 -0.10 ! -
< T T=12851
-0.15 | Lo -
-0.20 - T=6751 : i .
IIIIIIIII IIIIIIIII IIIIIIIII IIIIILIII: 1 IIIIIIII IIIIIIIII Ll L iilll
1E-3 0.01 0.1 1 10 100 1000 10000
T(7)

Figure 16 — Normalized content values for the upper loops of Type-I and (II) systems. The Type-I,
black curve, presents a higher absolute value of content with a maximum at T ~ 6.757;
while the Type-II system, in red, presents its maximum at T' ~ 12.85 7. Parameters are:
o1 =09 =100; 7 =1; Vo = 1;n9 = 100; Go = 1; a = 0.001.

It can be seen that, just like for the sinusoidal input, the triangular pulse induces the
Type-I system to reach a maximum absolute content value greater than the corresponding

one for Type-II case. Also, the Type-I maximum content is attained at lower values of

6 See the differential equations Eq. (3.18) and Eq. (3.47).
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period (i.e. greater values of frequency), compared to Type-II, just like for the sinusoidal
responses. The exact position of the maximum values were obtained numerically from the
equations Eq. (3.45) and Eq. (3.76).

3.3 Optimizing the Systems

In order to summarize how to tune the systems to their optimal regime of operation
of content and displacement between the conductive states High and Low (of Type-I

system), we present Table 1 .

Table 1 — Tuning values of period in units of 7 in order to maximze the memory response
of the toy models, regarding the content and the displacement between High
and Low conductivit states of Type-I systems.

Aafmxdisplacement - position | Area,,.,Position

Type-I Sinusoidal 2T ~ 6.283 T 2T ~ 6.283 T
Type-II Sinusoidal --- AT ~ 12.57 T
Type-1 Triangular ~ 6.0227 ~6.75T

Type-II Triangular --- ~ 12.58 7
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4 Experimental confirmations and the effect

of temperature in ZnO thin films

In this chapter we will use the model to explain and predict memory features that
have emerged in samples of ZnO thin films fabricated and characterized by colleagues.
These samples were subjected to triangular voltage pulses and the generating function
that have been used here is that of Eq. 2.41, capable of modelling the carrier activation in
metal-semiconductor-metal sites or vice-versa. Thus, as the generation function applied
in this model is different of those used in the previous Chapter, it is expected that the
conduction model applied here to be slightly different from that ones.

4.1 The Model for Metal-Semiconductor-Metal Sites

Beside internal parameters, the memristive response is also affected both qualita-
tively and quantitatively by the shape of the voltage drive. In this section we have modeled
the system for triangular voltage pulses responses as displayed in the inset of Fig. 17,
that is discussed alongside the experimental results in what follows. If the local voltage
efficiency, 7, is sufficiently low, then it is valid to assume that 21@28’}:” << 1 and Eq. (2.41)
can be approximated up to second order in voltage reducing Eq. (2.37) to

dénz’w( eV )2_5n(t)
dt N 4 ]{ZBTeff T )

(4.1)

Assuming the presence of just a single channel of n-type carriers, the solution of Eq. (4.1)

under stationary conditions yields, n¢, = Wmem (eV)?exp ( ) that corresponds to

ES,

(2m ks 7, eff
activated electrons above a barrier Ef, Where the subscript and superscripts (e) were
introduced to label electron related parameters. The conductance at V' = 0 can be emulated
for the upward and downward sweeps under stable conditions, corresponding to coincident

conductance values at V' = 0 a typical feature of Type-II systems

T ol
G0O)=G <) =@ , 4.2
() 9 0+1—6Xp(—%) ( )
with L = 2A73 [1 — exp (—%)} AT exp (— L), and A = 42120 (kBe;{:ff>2' From Eq. (3.12),
the Content can be obtained as
Suangiar = — e Vo T (T>3 L-e» @)+ + 1 +3()° — ¢ (4.3)
triangular — (k’BTeff)2 T 1— e 27; ) .

with the corresponding analogue for a sinusoidal voltage pulse, written using the same

parameter’s notation of triangular response formalism, being written as
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al28ne?Vidigr T 27
Ssinusoidal = - 2 nT 020 (1024) ( iﬂ_)T - (44)
(kpTesy) 1+ (T)

From the expressions above, it can be demonstrated that, in the case of the approximation
of Eq. 4.1, the maximum absolute value of Content takes place at T'/7 ~ 13.7434 for

triangular pulses while at T'/7 = 47 for sinusoidal pulses.

4.2 The experiment

Increasing temperatures can be, in general, detrimental for memory functionali-
ties. [32] However, as discussed in this section, combining experimental and theoretical
analyses we concluded that this is not always true. In particular, the lateral transport in
thin films of zinc oxide tends to have its memory character increased with the temperature
rise. [26]

Thus, in this section, we discuss a practical example where the theory can be
applied to explain and predict several features concerning the memory emergence and also
how temperature affects it. A schematic diagram of this system can be seen in Fig. 17 (a),
where the texture on the film surface represents the presence of defects, that can act as
generation or trapping sites for conductive carriers; while in Fig 17 (b) the pattern of the
triangular voltage input has been represented. This results in the measured hysteresis in

Current-Voltage characteristics as displayed in Fig 17 (b).

Hall effect measurements were performed in a temperature range of 240K to 380K,
revealing an increase of n-type carriers at lower temperatures followed by a subsequent
growth of the presence of holes, culminating in the reversal of the n-type behavior in
favor of p-type transport, at higher temperatures, as can be seen in Fig. 17 (¢). During
the Hall effect measurements, the applied bias voltage changed, as depicted in Fig 17
(d), that shows the experimental voltage points and a fitting function. Using this fitting,
the theoretically predicted carrier density as a function of temperature was plotted as a
solid green line in Fig 17 (c), in good agreement with the experimental measurements,
represented as green spheres. This observed interplay between carrier of different types as
temperature changed pointed out to the need of modelling the system considering two
independent conduction channels within this temperature range: one for electrons and

another one for holes.

The dynamic Eq. 4.1 was used to model each channel, implying in a total number

of non-equilibrium carriers (considering both contributions) proportional to

h ENl E¢
myT" - B S
h e kpTeff e kBTef s . (45)

V 2
(total X (6 ) sze
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Figure 17 — (a) Schematic representation of the sample with contacts. (b) Measured current-voltage loop
with the corresponding triangular voltage drive plotted in the inset. (¢) Charge density as
a function of temperature. (d) Applied longitudinal voltage for each temperature to set the
fixed current condition.

Then, from the number of carriers, we theoretically obtained the zero voltage conductance
values for half-period and full-period, which are given by Eq. (4.2), pointing out to a

Type-II response, as they were found to be equal.

The loop area, over a whole cycle, was extracted from the stable experimental
condition and is shown in Fig. 18 (a), with the theoretically calculated total area of Eq. 4.3,
represented in Fig. 18 (b) that coincides with this functional behavior. The theoretical
value of the hysteresis area collapses at both T'/7 — 0 and T'/T — oo, with a maximum
absolute value at T'/7 &~ 13.7434 and given that the maximum experimental absolute loop
area has been reached for 7" = 120mun, we can estimate the corresponding relaxation time
as being 7 = 8.73 min. A comparison between the behavior predicted for a triangular pulse
and the corresponding analogue for the sinusoidal voltage input has also been included
into Fig. 18 (b), pointing to similar functional behaviour but different values for the period

that leads to the the maximum area.

Using the definition, I = (G + a0n)V, we can also find a theoretical expression
for the zero voltage resistance taking into account the two active channels with electrons
and holes contributions

e __Bp !
e fonn (2N

* €
meT

where 7 is a constant value. This theoretical temperature dependence has been included
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Figure 18 — (a) Measured total area of the current-voltage loop as a function of period. (b) Calculated
total area of the current-voltage loop as a function of period for a triangular and a sinusoidal
pulses. (c) Resistance at V = 0 as function of temperature. (d) Upper and lower loops areas
as function of temperature.

into Fig. 18 (c) alongside the experimental measurements of the resistance. The agreement
between these experimental and theoretical findings indicates that within this temperature

frame it is the charge activation that rules the memory response.

The measurement of upper and lower Content and the precise match of them,
as displayed in Fig. 18 (d) reinforces the previous assertion on the preservation of the
Type-II character of the memristive response. The experiments also showed a decrease
(increase in absolute values) in the Content value with the temperature rise, alongside the
theoretical results as depicted in Fig 18 (d). The theoretical Content Value is obtained
from Eq. 4.3, from which we can prove that Content o« —m7 exp[—Ep/(kgTss)], so that
the temperature tuning of the area of a single loop, A/2, combining additive electron and

hole channels, can be reduced to

e
meT

m;‘ﬂ-h _i __Fp

kT, kg1,
A/20<—<*e Bleff +e "B ff). (4.7)
This theoretical function, is plotted alongside the experimental findings in Fig. 18 (d), and
also defines a monotonic growth in absolute terms, in agreement with the experiments
and reinforcing the dominance of charge activation in boosting these memory traces. Such

a picture is expected to be reversed at much higher temperatures if the decay time, 7, so
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far assumed to be independent on T.s¢, decreases. Yet, this limit was clearly not reached

within the temperature range of the current analysis.
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5 Conclusion and next steps

Based on the results available thus far, we may conclude that this research into
the memristive response in solids has already been very fruitful. From the outcome of our
investigation it has been possible to model and emulate a pervasive mechanism of memory
emergence in conductive solids, yielding both Type-I and Type-II responses according to
certain symmetry constrains. One may also foresee further success in the application of

our model to various systems and devices.

We have obtained analytical expressions that describe systems driven by a sinusoidal
and triangular bias voltage, with linear antisymmetric generation rate and also for a
symmetrical generation rate. We have presented analytical expressions for he current as a
function of time, for both types of systems, and also for their conductance and Content.
These results indicate how the memory response of these systems could be tuned by
adjusting the bias frequency, amplitude, and temperature. Preliminary discussions on this
matter were published in the paper The Ubiquitous Memristive Response in Solids [1].
We have also obtained experimental confirmations for the model validity employing the
triangular voltage pulse formalism, ! which were published in the paper Temperature,

detriment or advantage for memory emergence: The case of ZnO [26].

It is also worth noting the many contributions to the author’s formation to become
a Researcher that this Master Program provided. Through the taken courses, the author
have deepened his knowledge on quantum mechanics, electrodynamics, semiconductors
devices and computational methods; being all of them very useful skills. But, the most
positive gains were, by far, acquired through the research process, in the everyday-life of a
researcher, with the challenges and tasks that were presented and with the very frequent

and direct contact with researchers and collaborators.

[ am grateful to my advisor for proving me the opportunity to see and be part of
what it were for me, the first time in my life I have ever done real physics research. With
him, I have also learned a simple, but also sometimes underestimated concept: that the
theory and experiment in physics should always walk together; and fortunately, I had the
opportunity to do research following this idea, which were possible just because of the

strong collaboration with other researchers.

By working with my advisor and other very capable researchers, I was able to see
and learn something about the unique way how each of them proceed in doing research. By

means of that I have tried to mimic the best of their methods, adapting it to my style, and

L The formalism employed in Chapter 4 is slightly different from the corresponding one of the Theoretical

results Chapter. Namely, the g(V') of Chapter 3 has a first order dependence on voltage; while the one
employed in Chapter 4 depends on the second order of voltage.
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building my personal way of researching (still in development). This, I certainly consider

the most valuable skill /experience that I had during this entire process.

5.1 Next steps

The three proposed goals for this Master Course were successfully accomplished.
Also, beyond the scope of it, other activities have emerged and they became ongoing
research topics to be continued in a PhD. Although some novel extensions of the model
have already been done and have also provided enough material to publish two more
papers: "Tuning the conductance topology in solids" [27] and "Inadequacy of equivalent
circuits in nonlinear systems with inherent memory" [28]; these topics are still under
further investigation; the first, introducing asymmetries to the model and providing the
first step to the study of the topology of current-voltage characteristics crossings; and
the second one, extending the model to mathematically operate with a infinite number of
modes, beyond first or second order, also providing novel interpretation about equivalent
circuits frequently seen and misunderstood in literature. As there are expectations that
innovative results are still to be discovered from them, they were not discussed in this

thesis, becoming material for the forthcoming PhD.

Also, the Author has been working in collaboration with his advisor and Professor
Ovidiu Lipan, of Richmond University, since the beginning of the Master project, on
investigations about memory formation in systems of quantum dots. This is also an
ongoing activity that shall continue. Another ongoing activity worth of mentioning is the
research on ZnO thin films doped with Nq, that presented a very rich amount of different
behaviors under the effect of different atmospheres, and shall become a publishable paper

SOO01.

And to summarize the rich amount of questions or developments that this research
provided, the six following questions, still open, can precisely describe and guide what is

expected for the forthcoming investigations to be done during a PhD project:

1. Are there universal sufficient conditions for the emergence of memory and can
emergent memory device based on different physical principles be mapped onto each

other based on symmetry principles?

2. Can we define topological distinguishable classes of emergent memory phenomena

and define topological invariants?

3. What are optimal driving configurations of mem-elements and how can one optimize
the figure-of-merit based on internal and external control mechanism for different

sorts of devices?
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4. Can the regularities obtained for continuous models be sustained at the quantum

level for single electron devices with memory?

5. Can the memristive response of coupled quantum dots be sustained in both the
volatile and the non-volatile limits? How would the memory robustness (loop area)

responds to tuning of the input stimuli and intrinsic symmetry constraints?

6. Can a three-phase coupled quantum dot connection be used as a synaptic emulator?

If so, which is the optimal driving configuration for such functionality?

Considering the progress done in this thesis and also in the four published papers,
we are convinced of being able to answer to these questions to the best of our ability in a
forthcoming PhD Thesis.
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