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ABSTRACT

The high demands of reducing power consumption for electronic applications and
decreasing the current and voltage range have increased the technological
development of the non-volatile Resistive Random Access Memory (RRAM) based
on Memristive devices. In this thesis, a full 3D electrothermal model is adopted to
study the thermal and signal integrity of a 1Diode-1Resistor RRAM crossbar array.
In fact, the 3D integration suffers from two main issues which are the voltage drop
along the interconnects and thermal crosstalk between the memory cells. Several
solutions are investigated based either on new biasing schemes, new materials
(Nickel (Ni), Copper (Cu), and Carbon nanotubes (CNT)), and new architectures
integrations (reverse architecture (1D1R-1R1D) and complementary resistive
switching (CRS)). Based on these proposed structures with the choice of the new
materials and the bias management, the electrothermal performances show the
benefits of solving the issues related to the large-scale monolithic 3D RRAM
integration. All the results are compared with the reference architecture (1D1R) and
also the physical model is validated against other models in the literature. Indeed, the
second approach of the thesis is to study the electrothermal behavior of macroscopic
graphene strips (Graphene Nano-Platelets (GNPs)) as a heater element which is the
Thermistor. Where an equivalent electrical resistivity is studied, by means of models
and experimental characterization based on three different materials with different
percentages of graphene nanoplatelets. To this end, the electrical resistivity shows a
negative temperature coefficient in a wide temperature range [-40, +60] °C, which
allowed these materials to be used for thermistor and temperature sensor
applications.

Keywords: 3D RRAM crossbar, electrothermal modelling, signal and thermal
integrity, 1D1R-1R1D, CRS, CNT, Thermistor, Electrical conductivity, Graphene
Nano-platelets, NTC materials.
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INTRODUCTION

INTRODUCTION

The semiconductor industry is a high-tech hub. For the past fifty years,
microelectronic products have invaded our lives, with massive penetration into
health, safety and identification, communications, education and virtually every
aspect of human life.

Since the emergence of the CMOS industry in the 1960s, the microelectronics
industry has been continuously evolving, seeking to remain attractive in the personal
and corporate markets. The size and technology node of the transistors has drastically
shrunk to nanometer scale in order to increase the density on a chip to reach a robust
a low power computing. Where the increase in power, predicted by Intel co-founder
Gordon Moore in 1965 (Moore, 2006), has created many challenges such as the need
to dissipate high heat densities and is today limited by both technological tools and
processes and by physical phenomena becoming predominant when small
dimensions are considered (quantum phenomena).

Thermal control then became a key point in the design of electronic equipment.
The operating characteristics of the components and the reliability of the systems
depend heavily on temperature. Miniaturization and increased switching frequencies
lead to increasingly high dissipated power densities. These now reach values in the
order of 400 Wem™ in power electronics: the thermal behavior has therefore become
one of the main factors limiting the switchable power. A fine and fast modeling tool
of heat transfer in electronic power components would therefore be very useful for
optimizing their structure from a thermal point of view, minimizing their operating
temperature for a given dissipated power. Indeed, when developing and designing
integrated circuits, the thermal aspect is crucial for their proper operation.

This Thesis deals with the electro-thermal modelling of innovative devices whose
operating principles rely on the interaction between their electrical and thermal

responses.
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The first application is a memristive memory, a new technology consisting of a
combination of memory and resistance, that has set as a promising candidate for
future “beyond CMOS” high integration density memory devices and low power
consumption. Specifically, the Thesis analyzes the Resistive Random-Access
Memory (RRAM) device, consisting of an oxide layer of a few nanometers deposited
between two metal electrodes and which may have two non-volatile states depending
on the voltage applied to its terminals: the highly resistive or HRS state and the low
resistive or LRS state.

The second application analyzed in this Thesis is an innovative thermistor, and
specifically a novel resistive element realized by commercial graphene material, the
so-called Graphene Nano-Platelets (GNPs). The final application foreseen for such a
device is the heating systems for de-icing and anti-icing purpose for aircraft wings.

In both cases, the general goal has been that of assessing a reliable and accurate
electrothermal model, and using it to characterize their performance, optimize their
design and investigate alternative solutions.

The Thesis is organized as follows.

e The first chapter presents the context of the study, the problems and objectives
and discusses the main generalities related to the thermal management of
electronic devices, in particular the effect of temperature on electronic fields.
Heat dissipation and heat transfer are discussed. A general overview on the
proposed applications is also provided: Memristors and Thermistors are
presented, by explaining their characteristics and modes of operation.

e The second chapter is a review of current and emerging memory technologies.

In this context, RRAM memories are presented as a potential candidate and the
first applications of the memristor concept to memory. This chapter presents
the operating principle of such a type of resistive memories such as
complementary resistive switching. The issues related to signal and thermal
integrity associated to RRAM integration into crossbar architectures are
discussed, with reference to a first case-study.

e The third chapter presents the electrothermal model formulation and the main

techniques proposed for its solution. The numerical implementation of the
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model by using a Finite Element solver is discussed, with reference to the
memristor application. In particular, the physical models for the material
properties are discussed, as for instance the electrothermal model of the
conductive filament of the memristor in the high and the low states of the
memory (SET and RESET).

e The fourth chapter presents the results of a signal and thermal integrity analysis

carried out on arrays of RRAM memories, comparing different architectures
(conventional 1DI1R, inverted 1D1R-1R1D, and complementary CRS),
different material choice (nickel, copper, and carbon nanotubes) and different
biasing schemes. The best design solutions are highlighted, to mitigate and
even resolve the signal and thermal integrity issues, such as voltage drop and
thermal crosstalk.

e The fifth chapter is devoted to the analysis of a new class of thermistor,

realized by means of macroscopic Graphene Nanoplatelets (GNP) strips. These
commercial films are proposed as heating elements via Joule effect. Three
different types of materials have been analyzed, with different percentage of
graphene nanoplatelets. The equivalent electrical resistivity model is derived
from the joint use of experimental data and of simulation results obtained by
means of a full-3D numerical electrothermal model in a wide temperature

range (-40, +60) °C. The model of the thermistor is experimentally validated.

Main novel contributions of the Thesis.

e This work provides an answer to many open questions about the accurate
modeling of the oxide-based RRAM devices. Indeed, an improved model of
the conductive filament reversible formation and dissolution is derived and
implemented in the global electrothermal model.

o A detailed electrothermal analysis of the RRAM crossbar structures highlights
the sources of signal and thermal integrity issues (voltage drop along the
interconnects and thermal crosstalk between the memory cells) and quantifies

the impact of such issues. Possible solutions to these problems are here
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thoroughly investigated, based either on new biasing schemes, novel
architectures, and novel materials, including innovative nanomaterials.

A procedure to identify the main parameters of the graphene heater
(thermistor) is here assessed, which provides the temperature-dependent
electrical resistivity by jointly using the results of experimental
characterization and numerical modeling. Experimental validation of the
resistivity model is provided, where the Joule effect is used as the mechanism
of heat source.

A negative temperature coefficient of the electrical resistivity is demonstrated,

as a result of using graphene-based materials for realizing the thermistor.

The main results of the electrothermal analysis of the RRAM memory devices are

published in the following paper:

Lahbacha K, Zayer F, Belgacem H, Dghais W, Maffucci A. “Performance
Enhancement of Large Crossbar Resistive Memories with Complementary
and 1D1R-1R1D RRAM  Structures,” IEEE Open Journal of
Nanotechnology. 2021, Vol. 2:111-9.
https://doi.org/10.1109/0JNANO.2021.3124846.

The main results of the electrothermal analysis of the GNP thermistor are published

in the following paper:

Lahbacha K, Sibilia S, Trezza G, Giovinco G, Bertocchi F, Chiodini S,
Cristiano F, Maffucci A., “Electro-Thermal Parameters of Graphene Nano-
Platelets Films for De-lcing Applications,” Aerospace, 2022; Vol.9(2):107.
https://doi.org/10.3390/aerospace902010.



https://doi.org/10.1109/OJNANO.2021.3124846
https://doi.org/10.3390/aerospace902010

Chapter |

Chapter | : Electrothermal
Behavior of Electronic Systems




Chapter |

I.1 Introduction and context

This chapter aims to set the context for this work and to present in detail the issues
in order to support the interest of the studies carried out and to clearly define the
research to be carried out.

First of all, the microelectronic context is dictated by the guidelines derived from
the famous “Moore’s Law’: miniaturization and diversification. The evolution of this
market requiring the addition and discovery of new features. Indeed, it becomes
necessary to integrate passive components in circuits and more and more new
materials such as Memristors and Thermistors devices. Next, these new applications
that use more and more integrated materials in the components such as Carbon
Nanotubes and Graphene will be also described. The integrated dielectrics and their
properties will also be presented. Finally, the issues, including the need to
characterize and present these new components and their characteristics. Once these
issues have been defined, the objectives of this thesis work can be set out as well as
the material resources made available or to be developed.

The “roadmap” is the general outline of the future of a selected area which is
made up of the collective knowledge of researchers in that area. In high-tech sectors
such as nanoelectronics, roadmaps are very useful and have an advantage in
improving the relationship between theoretical and practical research, providing
alternative drivers for future research patterns, and coordinating efforts to address
key technical challenges. In this context, we will describe the Moore's Law which
was expressed in 1965 in "Electronics Magazine” by Gordon Moore, an engineer
from Fairchild Semiconductor, one of the three founders of Intel. Noting that the
complexity of electronic circuits doubled every year at constant cost since 1959, the
date of there he predicted that this growth would continue. This exponential increase
was quickly named Moore's Law or, considering the later adjustment, first Moore's
Law. Then, in 1975, Moore re-evaluated his prediction by indicating that the number
of transistors in microprocessors on a silicon chip doubles every two years (It’s the
“More Moore” aspect). Although this is not a physical law but just an empirical
extrapolation, this prediction turned out to be surprisingly accurate. Between 1971
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and 2001, the density of transistors doubled every 1.96 years. As a result, electronic
machines became cheaper and more powerful. Figure 1.1 shows the evolution of
Intel® processors as a function of time and in comparison, with Moore's statements.
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Figure 1-1 Chart: Moore's Law: The number of transistors packed into microchips.

Moreover, as shown in Figure 1.1, Moore's Law also dictates the cross-functional
evolution of the microelectronics industry through a diversification of functionalities:
"More Than Moore". By integrating passive components, sensors or biochips in the
"Back End Of Line" (BEOL), electronic, medical or complete instrumentations
functions can be realized within the same circuit. The space saving obtained thanks
to the miniaturization of transistors makes it possible to increase the computing
power for the same surface area and thus to use these computing possibilities to
integrate these new functions (image sensors, pressure sensors, accelerometers, etc.).

Figure 1.2 summarizes the two aspects of Moore’s Law.
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More than Moore: Diversification

Information
Processing

Digital content
System-on-chip
(SoC)

More Moore: Miniaturization

Baseline CMOS: CPU, Memory, Logic

Figure 1-2 Trends and challenges towards miniaturization and diversification of
circuits.

It seems that the first roadmap for semiconductors was born out of Moore's
principle that the computing power of chips was increasing exponentially over time
(Moore,1965; Moore,2006). This means that semiconductor manufacturers need to
schedule regular upgrades to improve chip performance. The main performance is
focused on decreasing the size of the integrated circuits by improving and optimizing
the existing circuits.

As the transistor is one of the basic components of electronic devices and the
basic design of integrated circuits (ICs), its reduction has increased the performance
of ICs and the cost per device function has decreased accordingly. Physical and
technological limitations such as undesirable small current behavior, quantum
effects, design complexity and power dissipation are presented as drawbacks for
further development of microelectronics based on conventional circuit scaling.
Indeed, the high investment costs for conventional CMOS and technological design
issues can reduce the barriers to entry for alternative device concepts.

Over the past few years, Moore's low has slowed down, particularly as

miniaturization approaches physical limits. This is evidenced by the growing
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difficulties of the manufacturer who best embodies it, Intel, the world’s number one
chip company, to respect it. Its generation of 14 nm chips was launched one year late
on the initial schedule and 10 nm late by more than 3 years. And his next generation
of 7 nm is about to experience the same setbacks. This has motivated researchers to
study new devices for logic and memory, new integration processes, such as three-
dimensional monolithic integration, and much more energy-efficient new computer
architectures to perpetuate the trends of Moore’s Law (Hoefflinger,2011;
Theis,2017). Indeed, the following section presents the basic concepts related to
memristive devices and provides the basic operating characteristics of this new
electronic device. These concepts include a review of new non-volatile memory

technologies and their basic definitions.

1.2 Thermal management of electronic devices

All areas of electronics to varying degrees are affected by thermal problems.
Electrical machines, motors and alternators, given the power involved and the
heating due to losses, were the first devices studied from a thermal point of view. For
many Yyears, similar studies have been carried out on microelectronic components,
and in particular on semiconductor components. Some more specific works concern
high temperature electronics for applications such as oil research for example. The
first works relating to the thermal phenomena used in microelectronics are rather old
and few (Wojciak,1997). In recent years, with the development of simulation tools,
the need for modeling has increased significantly. We are witnessing a very
significant increase in work in this field.

During the development and design of integrated circuits, the thermal aspect is
crucial for their proper functioning. The problem of overheating of the junction
remains a major obstacle in front of the most sought-after performance of the
electronic systems: the increase of the speed of operation and the miniaturization of
the components. In both cases, this results in an increase in the temperature of the
electronic components caused respectively by the accumulation of a thermal residue
from one cycle to another and the increase in the dissipated power density. Heat is an

inevitable consequence of each electronic device and it must be minimized or
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managed. Several research projects have been carried out to overcome thermal
problems in electronic components. The first research work focused on the choice of
materials and geometry and on the dimensions of radiators (i.e., thermal dissipator)
on which the electronic power components must be attached depending on the power
dissipated in these components and the surrounding environment.

The challenges tied in finding the heat-optimal positions lie in the complexity of
solving the heat transfer equation with boundary conditions applied to several
contours and surfaces and in the precise evaluation of dissipated power in
semiconductors. To overcome the second difficulty, the model chosen to represent
each semiconductor component involved must describe its behavior according to the
current and its temperature. An adequate modelling of each component is then
necessary.

The analytical solution of the heat transfer equation, which is reduced to the
permanent Poisson equation requires considerable computational resource (e.g., CPU
and memory). This is often done by numerical solution or by reducing the resolution
of the thermal problem to that of an electrical problem. However, the assimilation of
the thermal problem to that of an electrical network gives, in general, erroneous
results since in such a network each element ensures the transfer of heat in a certain
direction which does not really reflect the propagation of heat which is done
naturally in all three dimensions.

Numerical solution of thermal problems reported in several publications are based
on the finite difference method or finite element method. Some thermal optimization
algorithms, in this case, the simulated sound annealing method and that of partial
networks which are based on the use of the Monte-Carlo method, were established
and applied on electronic boards and hybrid circuits.

A thermal optimization algorithm shall, at each iteration corresponding to a given
configuration of component positions, take into account the variation in heat sources
due to variations in component parameters due to changes in temperature and the
change in boundary conditions due to changes in the geometry of the heat transfer
medium. Indeed, components whose characteristics depend on temperature interact

and the behavior of the circuit can be greatly influenced by thermal couplings up to
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the sometimes malfunction. Thermal analysis at the same time as electrical analysis
is, therefore, essential. In these approaches, this work is based on two applications,
the Memristor and the Thermistor in which are based on electrothermal modeling

and the effect of the temperature and the overheating is studied in the next chapters.

I.2.1 Effects of temperature on IC operating conditions

Increasing the temperature of an active device typically changes its electrical
parameters such as gain, leakage and compensation. These parameter variations with
temperature are well documented and incorporated into most circuit simulators. Most
circuit designers are aware that the leakage current in active devices (diode, MOS
transistor) approximately doubles each increase by 10°C. This reduces the effect of
leakage currents. If the temperature of an active device increases too much, it will
exceed the manufacturer’s specifications and impair the normal operation of the
integrated circuit.

The change in temperature of passive devices typically changes their values. For
example, film resistors have temperature coefficients ranging from the range of
several parts per million per degree °C of difference to several hundred. In practice,
these changes in electrical parameters are not typically desired. If the temperature
increase is high enough, the active or passive device being heated can permanently
degrade, even break completely or deform in a plastic way. Therefore, a good
thermal design should minimize any temperature increases and especially the local
thermal gradient. As a designer one cannot have control of changes in the
environment of the integrated circuit, but we have control of the device’s spatial auto

heating (distribution of the dissipated power density).

1.2.2 Heat dissipation and heat transfer mechanisms

In recent years, microelectronic heat dissipation analysis has become increasingly
important due to the ever-increasing density of components on substrates whose
dimensions are progressing in reverse. Thermal dissipation problems are of great
importance in the IC enclosure. Not to consider them and not to control them is to

manufacture modules that do not offer all the guarantees of operation and reliability.
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Poor or insufficient heat removal can adversely affect the proper functioning of the
system. Heat is the result of an electrical power developed by active and passive
elements. The thermal effects may be manifested in different ways, by temperature
drift of the components leading to significant variations in electrical performance, or
by a weld failure connecting the component to the substrate due to different
dimensional variations for each of them, resulting in either partial failure or total
failure.

In electronics, power dissipation is the process by which an electronic or electrical
device produces heat (energy loss or waste) as an undesirable derivative of its
primary action. In other words, it is usually a measure of how much heat is being
released due to inefficiencies in the circuits. Furthermore, the power dissipation in
resistors for example is considered a naturally occurring phenomenon. The fact
remains that all resistors that are part of a circuit and have a voltage drop across it
will dissipate electrical power. In addition, this electrical power converts into heat
energy, and therefore all resistors have a nominal (power) rating. Also, the rated
power of a resistor is a classification that sets the maximum power that it can
dissipate before reaching a critical failure.

In addition, heat transfer within a system occurs only if there are temperature
gradients between the different parts of the system, which implies that the system is
not at thermodynamic equilibrium (the temperature is not uniform throughout the
system). During the transformation of the system to a state of final equilibrium, the
temperature will change in both time and space.

Conduction is defined as the mode of heat transmission (or internal energy
exchange) caused by the temperature difference between two regions of a solid,
liquid or gaseous medium or between two media in physical contact (temperature
gradient in a medium). In most cases, conduction is studied in solid media, since in
fluid media (i.e., liquid or gaseous), there is often coupling with a displacement of
material and thus convection mechanism. Conduction is the only mechanism
involved in heat transfer in a homogeneous, opaque and compact solid.

Conduction is carried out from near to far:

- If one heats the end of a solid there is progressive heat transfer.
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- If we cut the solid, we stop the transfer.
The conduction theory is based on the Fourier’s law where the flux q (W/m?) is

proportional to the magnitude of the temperature gradient and opposite to it in sign.
q = —kVT (1.D)

Where k (W/m.K) is thermal conductivity of the medium.

Convection is the mode of transmission that involves the displacement of a
gaseous or liquid fluid (flux) and exchange with a surface that is at a different
temperature. There are two types of convection, forced convection due to external
mechanical actions (pump, fan, etc...) and natural convection (or free convection) in
which the movement of the fluid is created by differences in density, themselves
caused by differences in temperature. Indeed, convective heat transfer is done in two
steps:

e Fluid movement: the faster the fluid moves, the more efficient the heat
transfer.
e Diffusion, which is the energy transfer due to the random movement of
molecules.
The convective exchange between a hot surface (at temperature Ts) and a fluid (at

temperature T.) is given by the following Newton law:
q = h(Ts — Te,) (1.2)

Where q is the convective flux density and h is the convective heat transfer
coefficient.

Heat transmission by radiation is the exchange of heat by the radiation of a hot
body on a cold body. The simplest example is solar radiation. Thermal radiation is
the mode of transmission through which heat passes from one high temperature body
to another colder body without the need for material support. It is therefore the only
mode of heat transfer that can be propagated in the vacuum. Thermal radiation
differs from other electromagnetic waves, such as microwave waves for example,
only in its origin temperature. Indeed, each body radiates as long as its temperature is

different from OK. Thermal radiation is a surface phenomenon where the maximum
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flux density q emitted by a surface is given by Stephan-Boltzmann’s law at absolute

temperature T :
q=o(T¢ — Tg) (1.3)

Where 6 = 5.6704.1078 W/m?K* is the Stefan-Boltzmann constant.
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Figure 1-3 Different modes of heat transmission.
1.2.3 Cooling system

The cooling or thermal management issues are facing critical challenges with the
continuous miniaturization and rapid increase of heat flux of electronic devices. In
order to solve the thermal problems that can affect the proper functioning of the
electronic circuits, effective cooling is used. On the one hand, the cooling system
must be compatible with the environment in which it will be used. On the other hand,
cooling systems must be subject to certain limitations such as thermal and
mechanical limitations.

The cooling solutions of the electronic systems constitute a very varied and
heterogeneous toolbox. Different options are available depending on the
characteristics of the system, the power to be dissipated and the cost of
implementation. All these thermal optimization options on the design and
architecture side are also necessary and complement the technological solutions. In
the new thermal design approach, these solutions will be implemented from the start

of product development.
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1.2.4 Thermal resistance

An analogy between heat conduction and electrical conduction simplifies the
analysis. In stationary mode, it is based on the concept of thermal resistance. In this
analogy, the heat flow q is represented by the electric current. A temperature
difference AT is analogous to a voltage drop. We can then define a thermal resistance
R as:

Although this analogy applies only to conduction transfer, this definition can be
generalized to all modes of transport. In the same way as for electrical systems, the
thermal resistors corresponding to the elements on the heat removal path can be set
in series or in parallel in order to calculate the overall thermal resistance of the
assembly. This total resistance (1.4) is often defined according to the maximum
temperature of the device Tjmax (Maximum junction temperature) and the ambient

temperature Ta:

(1.5)

1.3 Thermo-electrical applications: memristors and thermistors

1.3.1 Memristors: fundamentals

The term «memristor» for memory resistor (memory resistance) refers to a 2-
terminal passive introduced in 1971 by Leon Chua in his article (Chua,1971), where
it is described as the fourth basic element of an electronic circuit (Figure 1.4). To
affirm this, Chua lists the achievable doublets with the two sizes used for electronics:
the voltage (v), the current (i), as well as their temporal integral, the flow (o), and the
charge (q). He notes that doublets (¢, v) and (g, i) form two of the laws of
electromagnetism and that doublets (v, i), (g, v) and (o, i) respectively define

resistance, capacitance, and inductance. The last doublet (¢, q) has no
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correspondence. It is this doublet that generates the definition of the memristor which

it separates into two cases. The case of the controlled memristor in charge gives:

V() = M(q(D) - i(t) (16)
Where
d
M(q) = % (17)

The case of the flux-controlled memristor:

i() = W(e(() - v (1.8)
Where
d
W) = % (19)

Here, the parameters M(q) and W(¢) are indicated as incremental memristance and
incremental memductance, respectively, they have thus, similar units to resistance

and conductance.
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Figure I-4 The relationships between the four elementary passive components: resistance, capacitor,
inductance and memristor.
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In 2008, the HP laboratory published an article on a memristor manufactured by
inserting a TiO2 layer between two layers of Pt (Strukov,2008). In this article, a
physical model for the memristor is presented. This consists of two distinct zones, a
doped and a non-doped, which, when they occupy the total length of the device,
correspond to the two extreme resistances Rorr and Ron of a memristor. The
variation in the size of the doped zone w changes the total resistance of the device by
weighting the importance of each zone (Figure 1.5). The following equations are

derived from these assumptions:

LR
M(@) = Rore(1 = =524 q(1) (110)
W) = 1~ ) (111)

with w the length of the doped area, D the total length of the device between the two

metal contacts and p, the average mobility of ions in the active layer.
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Figure I-5 Physical model of a memristor obtained by varying the length of a doped zone in a
doped/non-doped type device. Varying the length of the doped region w is equivalent to weighting the
importance of Rorr and Ron resistors (Strukov,2008).

This first model will be criticized mainly for its simplification which ignores
certain physical properties. However, it makes it possible to obtain the first
simulations of this phenomenon and to gather under the same name quite different
non-linear effects such as resistive memories or negative differential resistance
effects (NDR) (Figure 1.6).
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In nanoscale devices, small voltages can produce a huge electric field, which in
turn can produce significant nonlinearities in ionic transport. The right side of
equation (1.10) is multiplied by a window function w(1-w)/D?, which corresponds to
a non-linear drift when w is close to zero or D as shown in Figure 1.5. In this case,
the switching event requires a much higher charge (or even a threshold voltage) for
w to approach either of the limits. Thus, switching behavior is basically binary
because the on and off states can be kept much longer if the voltage does not exceed
a specific threshold.

The nonlinearity can also be expected in electronic transport, which may be due,
to tunnelling at interfaces for example. Indeed, the hysteresis behavior defined above

remains basically the same, but the I-V characteristic becomes non-linear.

@ (b) ©
Time (x103) Time (x10%) Time (x103)
00 01 02 03 04 00 02 04 06 08 00 04 08 12 16
3 : : : o 1F -] c
o))
8
S
! T ) . \ . -1 : n 0.0
00 01 02 03 04 00 02 04 06 08 00 04 08 12 16
02 T T T T 10F T T T ™ 1002 - : - -
Roee/ R o =125 TR o/ R gy = 50 T Roep/R oy = 50 1
€ =1V € vp=2V = 05Fvg=4V 1
0.1r 1 g g
8 30.5 1 S 0.0r 1
| -05¢ V |
X 1 1 1 1 0‘0 1 1 1 'l l‘ _1.0 L 1 1 1 1 1 ]
-10 -05 00 05 1.0 -10 05 00 05 1.0 -1.0 -05 00 05 1.0
Voltage Voltage Voltage

Figure 1-6 Simulation of memristive devices using equations 1.5 and 1.6 (Strukov,2008). The blue
curve corresponds to the voltage stimuli and the red to the corresponding normalized variation of
w/D. a) For a "dynamic" negative differential resistance. b) For resistance switching. c) For a
phenomenon governed by a non-linear displacement of ions.

Williams and Chua assumed that all memory resistive devices are classified as
memristors, regardless of the physical and physical operating mechanisms
(Chua,2019; Kim,2012). These devices have a distinctive “footprint”, characterized
by a pinched hysteresis loop. This hysteresis loop is limited to the first and third
quadrants of the V-1 plane, as shown in Figure 1.6¢, which changes its contour shape
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according to the amplitude and frequency of the input voltage/periodic current source
of the sinusoidal type (Chua,2019).

The discovery of the memristor and the originality of the production of resistive
memories based on TiO2 is one of the major arguments presented in 1968
(Argall,1968), in which the possibility of creating a thin anodized titanium dioxide
film with three distinct conductivity levels is described. Several types of resistive
memories existed in the literature long before the 2008 HP article. Examples include
nano-ionic resistive memories (Waser,2009) or those using phase change materials
(Raoux,2008).

It should also be noted that, at present, the difference in the use of the terms
"memristors” and "resistive memories” depends on the application. The term
resistive memory is generally used to refer to digital memory applications. The word

memristor is rather used when the dynamic and analogical aspects are important.

1.3.2 Thermistors: fundamentals

The thermal sensor refers to the number of devices most frequently used. Its main
purpose is to perceive the temperature and convert it to the signal. There are many
different types of sensors. The most common of these are thermocouples and
thermistors. A thermistor is a temperature-sensitive element consisting of sintered
semiconductor material with large resistance variations proportional to small
temperature variations. Thermistors generally have a positive or negative
temperature coefficient, PTC and NTC, respectively (the symbol is shown in Figure
1.7), which means that the resistance of the thermistor decreases as the temperature

increases in the case of NTC.

/ /
2 /

S 4 __/x

Thermistor Symbol Thermistor Symbol

NTC PTC

Figure I-7 NTC & PTC thermistors Symbol.
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It found great use in electrical engineering, since it has a special control over the
temperature regime. It is very important to have their presence inexpensive
equipment, computer, and industrial techniques. Used to effectively limit the starting
current, it is limited to the thermistor. This changes its resistance depending on the
resistance of the current passing it, due to the heating of the device.

Thermistors are generally sensitive and have different thermal resistance. In the
poor conductor, the atoms that make up the material tend to be located in the right
order, forming long rows. When the semiconductor is heated, the number of active
loads supports increases. The most available load supports, the greatest conductivity
Is the material. The resistance and temperature curve always shows a non-linear
characteristic as shown in Figure 1.8, in other words the thermistor temperature
characteristic curve shows the temperature response to the change in resistance
which is the thermal sensitivity offered by the change in resistance as the temperature
changes (NTC and PTC). The thermistor works best in the temperature range of -90
to 130 °C.
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Figure 1-8 The thermistor temperature characteristic curve, for NTC and PTC.

The electron, pushed by the applied electric field, can be moved to relatively long

distances before colliding with an atom. The collision slows its movement, so that
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the electric "resistance™ will decline. At a higher temperature, the atoms are moved
more and when a specific atom is somewhat deviated from its usual 'parked' position,
it is very likely to face a passing electron. This "deceleration” is manifested in the
form of an increase in electrical resistance.

When the material is cooled, the electrons settle on the lowest valence shells,
become susceptible and, as a result, move less. At the same time, resistance to the
movement of electrons from one potential drop to another. When the temperature of
the metal increases, the resistance to metals in the flow of electrons increases.

NTC thermistors are widely used as starting current limiters, self-driving
cornering protection and self-regulating heaters. Typically, these devices are installed
parallel to the AC circuit. They can be found everywhere: in cars, aircraft, air
conditioning, computers, medical equipment, incubators, hair dryers, electrical
outlets, digital thermostats, portable heaters, refrigerators, ovens, stoves and other
kinds of peripherals.

There are thermistors with a resistance (at 25°C - temperatures at which the
resistance of the thermistor is generally determined) of one ohm to ten meg and
more. The resistance depends on the size and shape of the thermistor, however, for
each specific type the resistance rates may differ from 5 to 6 orders of magnitude,
obtained by a simple change in the oxide mixture. When the mixture is replaced, the
type of resistance temperature dependence (R-T curve) is also changed and the
stability changes at high temperatures. Fortunately, thermistors with a high enough
strength to use them at high temperatures also have a higher stability. Cheap
thermistors generally have fairly large parameter tolerances. For example, allowable
resistance values at 25°C range from +20% to +5%. At higher or lower temperatures,
the variation in parameters increases even more. For a typical thermistor with a
sensitivity of 4% per degree Celsius, the corresponding tolerances of the measured
temperature range from approximately £5°C to +1.25°C to 25°C.

All thermistors are made from a combination of metals and materials based on
metal oxide with a popular and well-known high-temperature resistance coefficient.
This coefficient is much, several times higher than that of other metals. The principle

of thermistor operation is based on the basic correlation between metals and
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temperature. They are made from semiconductor compounds, such as oxides,
silicates, nickel, manganese, iron, copper, etc., can even feel a small change in
temperature. Our study is based on Graphene Nanoplatelets, which is detailed in
chapter V.

The design of the thermistor is quite simple. A piece of semiconductor fixes the
shape of a thread, bar, rectangular plate, ball or other shape. On opposite parts of the
thermistor, two exits are mounted. The magnitude of the ohmic resistance of the
thermistor, as a rule, is substantially more than the amount of resistance of other
circuit elements and, above all, depends considerably on the temperature. Therefore,
when the current flows, its value is mainly determined by the size of the ohmic
resistance of the thermistor or finally its temperature. With an increase in the
temperature of the thermistor, the current in the diagram increases and, on the
contrary, decreases with a decrease in temperature. Heating the thermostat can be
carried out by heat transfer from the environment, heat release in the thermistor itself
when the electric current is passed or, finally, by using special heated windings. The

heating method of the thermistor is directly associated with its practical use.

1.4 Conclusions

e The chapter presents the introductive part of the thesis where mentioned
the roadmap of the semiconductors and Moore’s law and the context of
our electrothermal applications.

e This chapter has allowed us to highlight many issues related to the thermal
management of electronic devices such as the effects of temperature on the
integrated circuits, the heat dissipation effects, and the cooling system.

e The heat transfer mechanisms (conduction, conductive, and radiation) are
described as well as the thermal resistance.

e The criteria on the characteristics of a unipolar memristor are defined to
allow its integration in crossbar arrays. We then developed the details of

the thermistor device, its operation, and its physical properties.
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e This chapter has also contributed to the understanding of switching
mechanisms through a physical modeling approach of phenomena during
SET and RESET operations of memory cells.
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Chapter Il : Memristor As A
Memory
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1.1 Introduction

In order to improve digital systems, the issue of non-volatile memory presents the
main topic. Given the current need to manage and store more and more information
and the difficulty of continuing to miniaturize the CMOS technology (lwai,2015),
research is focusing on new technologies for the future such as the memristor.
Among its applications, which are called emerging memories, are the resistive
memories, which are the subject of a great deal of research in the literature. Different
paths are studied in order to find the component of tomorrow and in particular, the
one that will interest us, the Resistive Random-Access Memory that we find under
the name in the literature is RRAM. This abbreviation will be used in this thesis to
qualify resistive memories in general, but we will see that under this name a
multitude of different devices is hidden depending on their structures.

This second chapter explores the state of the art in non-volatile memory
technologies. It then includes a brief history of the memristors detailing the history
and detailing the different types of current and emerging memory devices. We will
then focus on the RRAM in particular the current knowledge in terms of operation,
the performance of these memories, and modes of operation. We will observe their
architecture, their composition, and the type of operation they can adopt, as well as
the issues and the limits of the arrangement of memory devices in crossbar matrices.
In addition, complementary memory devices (CRS) are presented and positioned as a
solution to the leakage currents limiting the development of crossbar matrices, and in

the end, the case study of our devices are presented.

11.2 Classification of memories

Over the past 40 years, the integrated circuits market has experienced exceptional
growth. In 2007, this market represented $256 billion (Chang,2007). Memory
technologies share a significant part of this market (~30%). Ideally, the memory
technology should be non-volatile and meet the 10-year retention criteria. In
addition, it must offer high capacity (Gb), fast access time (a few ns), good

endurance (~ 10°-10'? write/erase cycles), energy consumption (100 mW in
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Figure 11-1 Classification of current and emerging memory technologies. (a) Overview of
established charge-based memories (blue) and new resistance-based non-volatile memories
(green).

operation), and competitive manufacturing costs ($5/Gb) (Burr,2008). It must also be
compatible with the CMOS manufacturing technology used in microelectronics.

The ideal memory technology has not yet been developed. Thus, several
technologies have developed in parallel, to address different applications. Figure 11.1
presents the classification of memory technologies (De Salvo,2011), traditionally
classified according to their volatility and operating principle. The market for
memory technologies is shared between hard drives, where access to information is
sequential along tracks written on the surface of the media, and random-access
memory (RAM), which consist of individual data bits arranged within a two-
dimensional array. Currently, there are three types of complementary RAM memory
technologies on the market: SRAM, DRAM and Flash (Noziéres,2010). Dynamic
memories (DRAM, for Dynamic RAM) and static memories (SRAM, for Static
RAM) have the disadvantage of being volatile. On the other hand, they offer a high
access time and good endurance. Thus, the computer places the temporary data in
these two types of memories. Flash memories dominate the non-volatile memory
market, due to their high integration density and low production costs. However,
access time is long and endurance is limited and they are used for data storage.

Thus, current memory technologies are complementary and address different
applications. It is not uncommon for them to be combined, for example, a computer
combines a hard drive, SRAM, DRAM and Flash memories.

Due to their low energy consumption, Flash non-volatile memories are

particularly interesting for portable electronics. That market is exploding right now.
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The demand for Flash memory, which is in petabits (~ 10%° bits), is constantly
increasing. Capacity demand doubles every two years starting in 2010. Memory
cards for cameras, digital cameras, USB sticks, MP3 players and mobile phones are
the engines of the market. Computer hard drives and the automotive industry are
high potential markets. Flash technology is being improved.

In order to further develop microelectronics technologies, an industrial consortium
meets every two years to establish the roadmap and coordinate research investments.
The document entitled "International Technology Road Map for Semiconductor"
(ITRS) provides the broad guidelines for future R&D investment (Hoefflinger,
2020). For example, the traditional tunnel oxide (SiO>) is replaced by an oxide with a
high dielectric constant (HfO2, HfAIO, etc.), which allows the use of higher
thicknesses when miniaturizing devices. Leakage currents are reduced and
information retention is improved. In parallel, innovative materials and architectures

are developed, these are emerging memories.

I1.3 Emerging non-volatile memories

The following technologies are considered to be emerging according to the ITRS,
in which information storage is not based on the trapping of electronic charges,
which makes it possible to continue the reduction of dimensions. They are studied
according to their ability to meet the following requirements: surface per cell (F?),
operating speeds (ns), retention time (s), endurance (number of cycles), and
consumption (J/bit).

These memoirs are based on the change of polarization or state of resistance of an
active material integrated between two metal electrodes and forming a capacity.
Several types of innovative memories are currently under development: FRAM,
MRAM, PRAM and RRAM. Here we compare their function and properties.

Figure 11.2 presents the principle operating of emerging memories. Ferroelectric
memories (FRAM for Ferroelectric RAM) use the permanent polarization of a
perovskite (generally PZT, Pb (Zr, Ti) Os) (Vorotilov, 2012). An electric dipole
exists naturally, without the application of an electric field, because the barycenter of
positive and negative ionic charges is not identical. The memory effect is obtained

27



Chapter Il

FeRAM PCRAM RRAM
Top electrode _ Top electrode
Bottom electrode _ Bottom electrode

= High resistance Low resistance Top Electrode metal
State Slﬁle Phase Change Material
N ~ S Y p-~—-8 ON
g LS tal
» meta
; Free l.ayer Dielectric Pro&mmable ‘ metal
A The ofpolariz ) Regi
state @— o atorcascres Fived layer He,,{’ o 1o|=|=
{ » Electric [ metal
field
o

Figure 11-2 Operating principle of emerging memories: a) FRAM; b) MRAM; ¢) PRAM; and d)
RRAM.
thanks to two stable polarization states, by the application of an electric field in two
opposite directions. The two polarization states are obtained by changing the position
of zirconia or titanium atoms. Magnetic memories (MRAM for Magnetic RAM),
phase change memories (PRAM for Phase change RAM) and resistive memories
(RRAM for Resistive RAM) are based on the change in resistance of the active
material. The memory cell is alternately switched between two stable resistance
states. In MRAM, two layers of ferromagnetic material separated by a thin layer of
oxide form a tunnel magnetic junction (Reohr,2002). The orientation of the magnetic
fields determines the strength state of the junction. The magnetic orientation of one
of the two layers is fixed, while that of the second can be modulated with the
application of a magnetic field. The electron spin aligns with the polarization of the
ferromagnetic material which acts as a filter. If the polarizations of the two
ferromagnetic materials are parallel (same direction), the resistance is low, if the
polarizations are antiparallel (opposite directions), the resistance is higher. In PRAM,
the active material is a chalcogenide (generally GeSbTe). Resistance is modulated by
a phase change between the crystalline state (low resistance) and the amorphous state
(high resistance) (Waser,2010). The phase change is caused by the modulation of the
temperature by dissipation of Joule energy in the active material when it is crossed

by the electric current. The amorphous phase is obtained by locally heating the
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crystalline material with a short, high-intensity current pulse in order to heat the
material above its melting point. The phase is stabilized by the sudden shutdown of
the electric current. The temperature drops abruptly, which has the effect of a
tempering. The crystalline phase is obtained by heating the amorphous phase above
its crystallization temperature, using a moderate current intensity. The mobility of the
amorphous phase atoms increases and the crystalline phase stabilizes. Finally, the
term RRAM is generic and refers to the set of memories based on a change in
resistance of the active material by chemical or electrical effects. This phenomenon
Is observed for a wide variety of materials (binary or complex oxides, organic
compounds, solid electrolytes of the selenide or sulfide type, etc.), which
presupposes different resistance switching mechanisms. The following section aims

to present the characteristics of RRAM memories.

I1.4 RRAM memory cell: basics and materials

The operating principle of RRAM is based on a phenomenon of controlled
variation of the resistance of a sandwich insulation between two electrodes. This
variation in resistance may be due to several phenomena depending on the
composition of the MIM structure (Figure 11.3 a). The first of these phenomena
occurring in the majority of resistive memories in the literature is the reversible
formation of a conduction filament at the core of the dielectric that will connect the
two electrodes. This filament can be of several types, for example metallic or formed
of oxygen deficiency.

Other observed phenomena are current passages by charge effect or by Mott
transition. To change the logical state of these memories it is necessary to know the
voltage needed to switch from the high resistive state (HRS) to the low resistive state
(LRS), this is called the step of SET. The voltage to perform the reverse switching is
naturally called the RESET step. Depending on the phenomenon taking place in the
component, two types of operation of the memories with very different
characteristics 1-V can be observed, as can be seen in the graphs Figure 11.3
(Wong,2012).
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The first type of operation is called unipolar or non-polar Resistive Switching
(URS). These memories require voltages of different magnitudes to switch resistive
state. If the switching does not depend on the polarity these memories are said to be
non-polar; if the polarities of the voltages needed for the SET and RESET steps are
identical (the same sign), they are said to be unipolar. Figure 11.3b shows that a Vser
voltage is applied in order to change from the state from HRS to LRS. The cell then
behaves as a resistance until the Vreset > Vser voltage is reached which puts it back

in a state of high HRS resistivity.

@ top electrode

4

insulator

(or semiconductor)

conducting filament
bottom electrode (©

Voltage

>
Voltage

Figure 11-3 a) Diagram of the structure of a RRAM cell. I-V electrical characteristics of the b) unipolar
and c) bipolar modes.

The second type of operation known as bipolar Resistive Switching (BRS). These
memory cells require voltages of the opposite polarity to switch the resistance state.

If the memory is in an HRS state must be polarized in reverse to a Vser voltage in
order to switch to an LRS. The electrical response of the cell is then resistive until

the Vreser voltage of positive polarity is reached in order to regain a state of high
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resistance. In other words, the SET for the ON state takes place at one polarity and
the RESET for the OFF state takes place at the opposite polarity (Zahoor,2020).

To obtain either of these operations (URS, BRS) is also depends on the materials
used for the dielectric and for the electrodes. The same dielectric may have unipolar
or bipolar types of operation depending on the nature of the electrodes. Indeed, the
composition of the MIM structure will lead to various phenomena leading to resistive
switching (Lanza,2014).

Three different types of operation can be distinguished concerning the physics of
the electrical resistance change in RRAM cells. The first concerns bipolar
electrochemical metallization (ECM) with a memory effect. The operation is based
on the presence of an electrochemically active electrode whose derivation of cations
leads to metallic growth. The second refers to the memory effects related to the
change of electrons in the valence band (VCM) of metal ions of oxide (Yang,2012),
characterized by the migration of oxygen deficiencies. Finally, thermochemical
memory (TCM) effects refer to the unipolar behavior. In this case the current induces
an increase in temperature and causes a change in the stoichiometry of the insulation.
This later is the type of RRAM studying here.

The choice of materials is a priority in the design of MIMs. The selected materials
must respect several characteristics including good electrical properties, low cost,
and tolerance at the mechanical-chemical planarization (CMP) stage. Following
these main selection criteria, the materials are then chosen according to their
characteristics. RRAM memories are usually based on a binary oxide of a transition
metal (MxOy). These are M-O-M (Metal-Oxide-Metal) structures. They have been
studied intensively by laboratories and industrialists since the 2000s. More than
2,400 publications were published after this date. The change in resistance of many
oxides is being studied. After a short history, we present the most studied and used
binary oxides in this work.

The change in resistance of SiO2, Al203, Ta20s, ZrO, and TiO> oxides was
discovered by Hickmott in the 1960s (Hickmott,1961). A few years later, Simmons
proposed the use of resistance-changing oxides to manufacture memory devices

(Simmons,1971). However, the development of this technology only began in the
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2000s, probably because of the massive development of Flash memories. As the
physical limits of this technology approach, the interest in RRAM memory increases.
In 2004, the Samsung Group demonstrated the feasibility of integrating RRAM
memory with CMOS manufacturing processes (Baek,2004). The first results
obtained are encouraging in terms of operating time (10 ns), endurance (10°
write/erase cycles) and energy consumption (<3V, 2mA). Figure 11.4 compares the
erasure current intensities (RESET) of the CMOS-compatible oxides (NiO, TiOg,
HfO2, ZrO;) studied by Samsung. Nickel oxide offers the lowest energy
consumption, so it is the first binary oxide studied intensively (Baek,2004).

There are a large number of binary oxides with the ability to change resistance in
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Figure 11-4 Comparison of electrical properties of different oxides compatible with CMOS (Baek,2004).

a reversible manner. The set of feasible devices is exhaustive, more than 1500
combinations are possible. The periodic table of the elements below (Figure 11.5) is
adapted to present the materials available for the design of RRAM (oxides,
electrodes). In the following, we compare the performance of the most promising

oxides and discuss the impact of the materials that make up the electrodes.
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For example, the TiO2 used so far is suitable for RRAM design in academic
settings but is not supported by industry. One of the most common replacements is
HfO> hafnium dioxide, this oxide is frequently encountered in RRAM design. Its
high-k behavior (Baek,2004) allowed the realization of RRAM of 1kbits by Sheu and
al (Sheu,2009). The retention time obtained is 10 years with endurance exceeding
10° cycles. The efficiency is excellent (~100%), meaning that the majority of the
devices change resistance in a reversible way (Lee,2008). The same group also
demonstrated that endurance and operating time can be optimized (10° cycles, 300
ps) (Lee,2010). Hafnium oxide is a technologically mature material, although it has
recently been studied for RRAM applications. Indeed, it has been studied intensively
for years in place of SiO> as a grid oxide in advanced CMOS transistors. There are
other oxides available for a RRAM application. Table 1.1 shows some

characteristics obtained for various oxides.
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Figure 11-5 Periodic Element Table Representation for Materials Used in RRAM Design
(Wong,2012).

In electrodes, tungsten, copper, titanium, nickel and platinum are widely used.
Titanium and tantalum compounds (TiN, TaN) are also interesting. The material

chosen for the electrode controls the resistance change mechanism of the oxide
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(Bertaud,2012; Chen,2010; Cagli, 2011) and its performance (retention, cycling)
(Goux,2010; Gonon,2010; Vallée,2011). When the electrode oxidizes a little (noble
metal: Ni, Pt...), the unipolar mechanism is preferred. For an oxidized electrode (Ti,
TiN, Al, etc.), the bipolar mechanism is predominant. The porosity of the electrode
and its thickness must be checked to improve performance. Indeed, the mechanism
of resistance change could involve the formation of conductive regions in the oxide
following the migration of oxygen atoms. When the electrode is fine or porous, the
oxygen atoms leak and are no longer available to repair the conductive region (no
RESET). However, if the electrode is too thick, the oxygen atoms accumulate at the
oxide/electrode interface. Electrode deformation and hole formation are observed,
probably due to gas retention (O2). Therefore, electrodes play a decisive role in the
operation of RRAM, that is why we are studying new materials to be used for
RRAM electrodes, such as Carbon Nanotubes (CNT) and Copper (Cu). These

materials will be discussed in details in the next chapters.

Table 11-1 Performance of different binary oxides embedded in RRAM devices (Wong,2012).

Identifier Wox HfO/Al Hf/HfO, Ni/Hf HfOy TaON HfOy HfO,/Cu
Ox Oy GeS
Publication & IEDM VLSI IEDM IEDM IEDM IEDM VLSI IEDM
year 2010 2011 2011 2012 2012 2013 2014 2015
2D/3D Geometry 2D 2D 2D 2D 3D 2D 3D 3D
Transver | Transver | Transversa | Transv | Verticale | Transver | Vertical Vertical
sale sale le ersale sale
Type of Bi Uni Bi Bi Bi Uni Bi Bi
switching
Structure 1R 1R 1T-1R 1T-1R 1R 1R 1R 1R
TE/material/BE TiON/W | Ni/HfO,/ | TiN/Hf/Hf | TiN/Ni | TiN/HfO,/ | Cu/Ta/T TiN/Hf W/CuGe
O,/W AlOy/p- OJ/TiN [HfO,/ Pt aN/TaO O,/TIN | S/HfO,/T
Si n+-Si N/Cu iN
Cell area (um2) 0.00008 ~6000 0.0001 0,0014 ~4 0.0009 0,00000 60nm
1 (9nm) (10nm) (30nm) 3 (électrod
€)
Switching time ~1000 ~30 ~10 ~50 ~100 ~100 50 500
[ns]
DC voltage [V] <4 <25 <15 <4.5 <3.5 <5 <3 4
DC current [uA] ~1 ~1000 ~50 ~0.000 ~50 ~800 ~500 <0.001
2
HRS/LRS Ratio >10 >1000 >10 >10 >10 >100 100 100
R high[Q] 5x108 10° 10’ 10° 10’ 5x108 10° 102
R low[Q] 5x107 10° 10° 107 10° 5x10° 10* 10%°
Endurance 200 108 5x107 10° 108 15 104 >107
Retention 280h 28h 30h a 10 An 28h 300h 2000h 10% a
a200°c a 150°C 250°C a 85°C a 125°C a300°C a250°C 85°C
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11.5 RRAM cell arrays: crossbar architecture

The memory devices to be used, are arranged into array architecture, and the
address or the access to a memory point is done through the application of specific
voltages on the desired rows and columns. The RRAM memory cells have two
terminals, so their matrix architecture layout requires only two addressing lines
(denoted as Word Lines (WL) and Bit Lines (BL) which is a big advantage in terms
of integration density. Moreover, the production of such cells is not very complex
because it requires only a layer of oxide between two metal electrodes: passive
crossbar 3D matrices consisting of perpendicular metal lines separated by a
switching oxide are thus low-cost and very dense solutions to achieve an array of
RRAM memory devices (see Figure 11.6) (Nauenheim,2008). Indeed, if we consider
F (smaller dimension achievable in a technological node) as the width and spacing
between two metal lines then the minimum surface area of a memory point is 4F2.

Tidd ¢ Bitlines ———

One sneak path

R, (sensing resistor)
Figure 11-6 Crossbar architecture of resistive memory. The current path corresponding to the selected

cell is represented by a red line while one of the possible leakage current paths is represented by a
blue dotted line (Chen,2013).

1.6 RRAM Integration Challenges: signal and thermal integrity

In fact, regardless of the architecture considered, the commercialization of these

types of crossbars is hampered by the presence of significant leakage currents or
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sneak paths. These leakage currents are undesired “current paths” that could disrupt
the reading of the selected cell and/or result in the writing of non-selected cells, as
shown in Figure 11.6. These currents depend primarily on the resistance of the
interconnection between two memory cells, the status of the non-selected cells in the
crossbar, the status of the selected cell, and the size of the crossbar. The most
important condition however is that each memory point has a strong non-linearity in
its two states LRS and HRS in order to always be strongly resistive in a state of
«RESET», that is, it must not allow power to pass when it is half selected or not
selected.

For example, if one considers reading a memory point with a VVdd voltage, the
memory points on the same line and those on the same column as this memory point
will have potential at their Vdd/2 or VVdd/3 terminals depending on the configurations
used (Gl,2019). It is important that the sum of the leakage currents through all these
«half-selected» memory points (Vdd/2 or Vdd/3) is much less than the current of the
read memory point.

The leakage currents can lead to several drawbacks where during the write phase,
the unselected cells are exposed to a voltage drop causing a drift in their internal
state. Another issue is during the reading phase, these paths cause a degradation in
the sense margin leading to false estimation of the state of the selected device. In
addition, more power is dissipated in the crossbar.

The main causes of electronic failures are high temperature, humidity, vibration,
and dust, as shown in Figure 1.7 (Khattak,2019). About 55% of electronic
challenges are caused by thermal management failure (Bailey,2008). In addition, a
large portion of thermal management failures are due to non-uniform temperature
distribution on the chip surface. The non-uniform temperature distribution is mainly
caused by the following reasons. One is the temperature increase along the flux path,
due to the gradual increase in the temperature of the coolant along the flux path and
the decrease in the heat transfer coefficient as the boundary layer thickens, resulting
in the creation of a temperature gradient along the flux path. Another problem is hot
spots due to non-uniform heat flux from the heat generating components which is

known as the thermal crosstalk phenomena.
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A major issue related to such crossbar architecture is the high temperatures
reached during operating conditions, which introduce thermal crosstalk between the

layers.

HUMIDITY Humidity, 19%

VIBRATION Vibration, 20%

DUST ust, 6%

TEMPERAURE

0 10 20 30 40 50 60

Figure 11-7 Major causes of failure of electronics.

Therefore, a cooling system is required to guarantee smooth operations, which
increases the energy consumption and lowers reliability. Thermal is the field of
physics that deals with heat exchanges or heat transfers in a system or between two
systems. The thermal properties of the materials govern these exchanges and thus
characterize the behavior of the materials in the presence of one or more types of
heat exchange. These properties are thermal conductivity, thermal diffusivity and
thermal effusivity. Note that generally the thermal properties depend on the nature of

the material and its temperature.

11.6.1 Novel Architectures: 1S1R, 1D1R or 1T1R

The simplest method adopted to solve or mitigate these problems is to prevent the
current from passing through the non-selected cells by coupling them to a selector
component such as a diode or a transistor (as shown Figure 11.8). The diode is
achievable with the same materials as the memory and can therefore be integrated
vertically without loss of space, however it only works for unipolar memories. The
transistor is more efficient but requires much more space, which greatly decreases

the interest of these memories. The integration in 3D could minimize this problem by
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offering a 1TnR architecture with n the number of memory layers. Finally, research
has focused on selectors that can act as diodes for unipolar and bipolar cells. An

example of this type of breeder is a Mott insulation (Akinaga,2010).
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Figure 11-8 Selector devices: a) Transistor type b) Diode type.

11.6.2 Alternative bias schemes

Among the intuitive solution to tackle the signal integrity problem is to RESET
the farthest cell in a cross-point array by applying a high bias voltage to the word-
line (Amer,2019). However, this idea induces a permanent breakdown stuck of near
cells; increase both the joule power and RRAM operating temperature due to high
voltage stress. Advanced bias schemes are instead proposed to improve power
consumption and read margin, by subdividing the crossbar array into multiple sub
arrays, selected by nonlinear devices (i.e., transistor, diode). For instance, the 1/3
bias scheme enables a larger read margin due to the reduced IR voltage drop of the
selected cell, while 1/2 write scheme is preferred, due to a much lower power

consumption (Sun,2016). Other method attempts to overcome these issues is the
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management of the applied bias between the word and bit lines of the crossbar which
Is demonstrated in details in chapter I11.

11.6.3 Complementary Resistive Switching structure (CRS)

The Complementary Resistive Switch or CRS is a 2R type memory consisting of
putting two RRAM around the active electrode (YYang,2012). The resistive state of
the low voltage CRS is necessarily HRS because this resistive state is the result of
the serial association of a RRAM in HRS and a RRAM in LRS. This association
prevents current leakage, because in a memory crossbar, the passage of the current
through a CRS not selected will always be less profitable since it will be in a state of
high resistivity. This effect is shown in Figure 11.9, which shows the filament status
of the two RRAM that make up the CRS at each point of its I-V characteristic. At a
lower voltage in absolute value at V1 or V3, the memory point always appears in
HRS because one of the two RRAM is necessarily in the HRS state.

The logical state of the CRS is determined based on which RRAM cell is in HRS
by reading at a Vread VOItage between Vi and V. The CRS is considered to be in an
ON state if the upper RRAM is in the LRS state and the lower RRAM is in the HRS
state, case 1 shown schematically in Figure 11.9. If, on the opposite, the upper RRAM
is in HRS and the lower RRAM is in the LRS state then we consider the memory in
the OFF state, this is the case diagram 3. To switch from HRS to LRS, a positive
voltage greater than V2 will be applied to switch from an ON state (state 1) to an
OFF state (state 3). To perform the reverse switching, a negative voltage lower than
V4 is applied. Since the CRS, made up of two resistors, acts as a voltage divider
bridge, if voltage is applied to the CRS, it is the RRAM in the HRS state that will
have most of the voltage across these terminals. If the polarity of the voltage allows
it, this RRAM in the HRS state will switch to the LRS state schematized as the
transition a) for a SET and c) for a RESET in the diagram. At this time both RRAMSs
are in the LRS state, state #2 in the figure. Finally, one of the RRAM cells will
switch to the LRS state depending on the polarity of the voltage so that the CRS
reaches the desired ON or OFF state according to the transition b) for a SET and d)
for the RESET. To read the state of the CRS is applied a voltage Vread between Vi
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and V2. If the CRS was in an ON state, the voltage Vread being greater than the
voltage V1, the CRS will be in its transition state 2 and a large current will be read.

Courant
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1= b
v, Tension B E
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SR,
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Anode active - EI E
(‘.'athod passive lE‘

Cathode passive
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Figure 11-9 Diagram of a CRS structure in its three states and the corresponding characteristic 1(V).
The circles show the three possible logical states of the CRS and the squares show the possible
transitions between these states. State 1 is an ON state of the CRS when the RRAM top is in LRS and
the lower RRAM in HRS. The reverse state 3 is the OFF state of the CRS. State 2 is a transition state
accessible only under voltage between V1 and V2 or between V3 and V4.

Note that this reading is destructive and a rewrite is therefore necessary. If the CRS
was in an OFF state, there will be no resistive switching and a low current will be

read.

11.6.4 Impact of signal and thermal integrity: a case study

The main scope of the RRAM case study is to address signal and thermal integrity
issues and improve the read/write margin, then new architectures are proposed, such
as those named in this thesis as inverse and complementary resistive switching, for
realizing large arrays of RRAMSs, comparing their performance in terms of signal and
thermal integrity, to the conventional 1D-1R crossbar structure. For all the
considered architectures, the elementary memory unit (also denoted as the “X-point”)
is the 1D-1R cell depicted in Figure I11.10b, made by the series of a Ni / HfO, / Pt
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resistor and a Pt / TiO. / Ti diode. The reference crossbar structure (see for instance
(Zayer,2020)) is obtained by sandwiching planar arrays of 1D-1R between the two
sets of conducting bars (WL and BL). In the reference structures, these lines are
made by Ni, so to realize the active electrode and to create a Ni conductive filament
(see Figure 11.10b).

In absence of the CF, the RRAM is at the High Resistive State (HRS), whereas
once the CF is formed, it switches to the Low Resistive State (LRS). The RESET
current is 1.7 x 10~* A. Indeed, the diode is added to limit the sneaky current during

its read/write process, as pointed out before.

................

Ve(ny,mikz) ¥ YV Y
BL Wire Resistance

X-point 1D-1R RRAM

GND Vai(n1,ma) Vei(n3,mi)

Figure 11-10 a) 3D 1D-1R crosshar RRAM structure. b) 1D-1R cell as the X-point RRAM building
block. c) Signal and thermal integrity issues: voltage and temperature distribution along the WL and
BL wires.
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The 3D architecture in Figure 11.10a has been devoted a large interest in literature,
since it naturally enables monolithic integration (Li,2017). It was reported that the
crosstalk effect in integrated RRAMS is more sensitive to the feature size spacing,
interconnects and CF widths, rather than type/mode of device operation (Chen,2018).
A larger spacing can suppress the crosstalk. However, this results in smaller storage
density. Hence, it should be there a trade-off between scalability and stability of the
RRAM integration. On the other hand, the aggressive downscaling of the whole
array dimensions and of the wire widths result in major issues. For instance, the
resistance of the WL and BL interconnects brings extra latency and energy
consumption, and causes voltage drop along the line (Tseng,2017). The voltage drop
significantly affects the signal integrity, by altering the requested level of voltage for
reliable SET and RESET switching. For instance, the 1D-1R ideally requires low
voltage values for the SET and RESET processes, thus improving the overall power
efficiency. Nevertheless, the voltage drop in the 1D-1R RRAM crossbar is associated
to the CE resistivity (e.g., IR drop). Therefore, the assumed step RESET voltage
amplitude at the X-point memristive elements may decrease to a lower value
inhibiting the OFF switching, see Figure 11.10c). The same considerations for
thermal integrity apply, since the distribution of temperature along the bar follows a
similar trend as the voltage. To face this issue, the bias voltage applied to the word-
line could be increased, but this results in increasing power demand and in increasing
Joule dissipation, hence increasing temperature. Other proposed solutions are based
on advanced bias schemes, such as for instance the 1/3 bias scheme that enables a
larger read margin, or the 1/2 one that leads to a lower power consumption
(Long,2013; Liu,2013). However, the signal integrity analysis disregarded the
coupled electro-thermal effects. Indeed, studying the thermal behavior of the RRAM
structure is important not only for studying the thermal integrity but also for its

impact on electrical performance (Sun,2015; Luo,2016).

11.7 Conclusion

Electronics dedicated to the storage of information is a strategic point in the

current IT environment. Many memory technologies that have been in use for
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decades are now reaching their technological limits, including Flash memory
preferred for long-term storage. The rise of emerging memories is directly linked to
the coupling between the growing need for information storage and the difficulty
encountered in improving current semiconductor memories. The literature shows
several innovative technologies at different maturity running in parallel with attempts
to extend current technology. We can cite MRAM, PCRAM, FERAM and finally the
subject of this report, RRAM.

¢ RRAMs are a potential answer to these growing needs, because they equal
or even surpass current memories in terms of performance. They consist of
a two-electrode MIM-type structure and store information in resistive form
using various phenomena of controlled resistive switching.

e The signal and thermal issues as well as the problems of the current
leakage in the crossbars of RRAM remain today the two main obstacles to
the massive development of such a technology.

e Several solutions are being studied to address these issues. The use of new
structures could improve the performance of RRAMs, 3D architectures
including selectors would prevent leakage currents in memory arrays, and
the management of the bias schemas could decrease the IR drops and the

thermal crosstalk in the crossbar architectures.
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Chapter 111 : Electrothermal

Modelling
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I11.1 Introduction

This chapter introduces the main methods used in recent decades to improve the
consideration of thermal aspects in the design of electronic components and circuits.
The operating temperature fundamentally determines the electrical behavior of the
electronic components, the design of heat removal devices is crucial for modern
components with high density. Thermal models have been continuously improved in
recent years, however, not all are suitable for all stages of design. Thus, to address
the different needs of engineers, several types of models are developed (numerical
mesh, analytical, behavioral, compact, etc.).

The physical phenomena that condition the electrical behavior of electronic
devices are intimately related to the temperature of the component. Meanwhile, the
component temperature is strongly related to the power dissipation that is given by
the forms of electric waves. There is therefore a real coupling between the electrical
behavior of the electronic components and the thermal impact of the entire structure.

Thus, in the design of electrical engineering, particularly in power electronics
components and systems, the thermal evolution during the operating cycles must be
taken into account in order to increase the reliability of power systems.

The purpose of this chapter is to present the numerical resolution of our models.
We present electrothermal coupling, COMSOL Multiphysics software and mesh
sensitivity, parameters and numerical procedures used to solve our models which are

analyzed in the following chapters.

I11.2 Generalities on electrothermal modelling approaches

The modeling of electrothermal systems is typically composed of two parts,
“heat” (thermal behavior) and “power” (electrical behavior) (Wunsche,1999). This
electrothermal system is strongly coupled, where the schematic description of the
complete interaction between the thermal and electrical network is shown in Figure
I11.1. The electrical and thermal model is connected through estimation on self-heat
dissipation, which is achieved by electrical behavior simulation. In fact, the thermal

issue cannot be neglected since most of the parameters of the device are strongly
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dependent on the temperature and then the heat is dissipated by the Joule effect. On
the other hand, this dissipation changes the temperature of the charge and acts on the

electrical parameters.

ELECTRICAL
MODULE

HEAT
DISSPATION

MATERIAL
PARAMETERS

Figure 111-1 Diagram of the complete electrothermal model (Du,2009).

Thus, in order to increase the reliability of electronic systems and to optimize their
thermal design (enclosures, operating conditions, location of components on the
printed circuits, etc.), it is necessary to have a good estimate of the electrothermal
behavior of circuits and components.

The steps necessary for the electrothermal coupling of the electronic components
are defined by two main approaches (Tirkes,1998): The first step is to define all
parameters of the electrical model that are affected by the temperature (mobility,
carrier concentration, conductivity, etc.), as illustrated in the Figure 111.2, the device
model is fed with the instantaneous temperature of the device by the thermal network
(from this temperature value the component model calculates temperature-dependent
parameters of the device). The second step is to create an electrical model of the
electronic component (MOS, IGBT, Diode, etc.), where the electrical parameters will
be the operating conditions such as the voltage drop through the device and the
current to be pinched from the circuit in which the device plays a given role. The last
step then is in the device model, the part of the power loss calculation, collects all
this information to calculate the power dissipation in the device. The dissipated

power is supplied again to the thermal network for the temperature calculation. These
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steps complete one cycle of electrothermal simulation and establish the
communication between the two models (Figure 111.2).

_ Device Model _
Device Electrical
Temperatire Parameters
L P parameter
calculation l
Thermal Tf;”pe";’ ure Electrical
Network ependent Network
Model parailerer.s Model
T Dissipated Operating
Power Power loss < Conditions
calculation

Figure 111-2 Operating cycle of the electrothermal model configuration (Lee,2003).

Several methods have been explored to achieve this coupling and they can be

classified into two main types are the relaxation method the direct method.

111.2.1 Relaxation Method

The relaxation method is based on an alternating resolution of the two systems of
associated equations. This method is carried out considering the temporal coupling
between the electrical simulator and the thermal simulator (Gutierrez,1999;
Van,1994), and using an interface software (API: Application Programming
Interface) to control the flow of information between the two simulators and their
activation according to time. This software pauses the electrical solver after each
time step and transmits the dissipated power to the thermal solver which calculates
the temperature which will be sent back to the electrical simulator. More specifically,
this method consists of adopting an iterative scheme in which the electric equations
and the FEM equations are separated and updated alternately. However, this

approach may suffer from a lack of robustness (instability).
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The relaxation method can be as precise as desired and provides temperature maps
at the interfaces between layers giving gradients that can induce thermomechanical
stresses. However, the increased precision and the strategy adopted for reliable
convergence control make the calculation time very long (Gutierrez,1999). This

method is schematized in Figure I1.3a below.

111.2.2 Direct Method

The direct method or fully coupled solution is based on a modeling of the
module’s thermal and electrical behavior by integrating into the same system of
equations within a single simulator (Gutierrez,1999; Jakopovié¢,2001). This approach
requires prior thermal and electrical modeling of the component. For example,
thermal modeling can be performed using an analog behavioral language such as C**
and the electrical problem could be described using a SPICE network list. Thermal
modeling presents the major challenge in several simulations, which can be
described by finite element, finite differences, Fourier series and, thermal ladder
networks. The thermal simulator, which takes into account the thermal parameters of
the entire structure, will have all the information to calculate the electrothermal
behavior. Indeed, the direct method is characterized by the simulation where the
electrical and thermal models are strictly connected through real-time return, a
change in electrical quantities instantaneously involves temperature adjustments and
vice versa.

The main advantage of this coupling approach is given by the relatively low
computational effort (the computation time is low compared to the "relaxation”
method), making this method suitable for simulators used in commercial or industrial
environments. This method is shown in the following Figure I11.3b.

In this work, a complete 3D electrothermal coupling exploiting the finite element
method is simulated. This coupling is considered as a kind of hybrid method since it
uses one single simulator as the direct method for the implementation and follows a
typical relaxation scheme. This feature makes it possible to exploit the advantages of
the two methods discussed and, at the same time, it avoids their respective
disadvantages. Where there is the possibility of carrying out simulations using a
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single simulator which at the same time avoids all the programming effort required to
implement the numerical method from scratch. Indeed, these days commercial
software such as COMSOL Multiphysics® or ANSYS® provides several ways to
solve the electrical and thermal problems by FEM analysis. Thus, the main effort
implementation lies in the geometrical modeling of the device, which is in any case

required by both the direct and the relaxation method.

@

Electric Network Thermal Model (FEM)
Power Disspation '
>
- 7
Temperature f
|
Circuit Simulator Thermic Simulator

(b)

Electro - Thermal Model

Power Dissipation — - }—
4.,_

-
Temperature

Circuit and System Simulator

Figure 111-3 Schematization of the two main electro-thermal coupling methods used for
electronic system: a) relaxation method, b) direct method (Vellvehi,2006).
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[11.3 Electrothermal model formulation
For solving the electrothermal modeling in this work, the 3D Fourier heat flow
equation is coupled to the Poisson electrical equation:

oT(T,t)
ot

p(T) Cp(T) — Vk(T)VT (%, t) = F(T) (111.1)

where «(T), p(T), and Cp(T) are the Temperature (T) dependent thermal
conductivity, mass density, and specific heat of the material in the considered region,
respectively, which means that those quantities define nonlinear material properties.
Finally, the right-hand side of the equation (111.1), namely F(T) describes the heat
production which is assumed to be only related to the Joule dissipation in the
conducting regions and usually called generation term of the heat equation.
Therefore, F(T) depends on the solution of the electrical problem (Poisson equation),
that provides the potential distribution, v, in the same region (111.2), being o(T) the

temperature-dependent electrical conductivity:
F(T) = o(T)|Vv(t)|? (1.2)

Before describing the boundary conditions of the heat equation, it is necessary to
explore the conduction of heat in this work defended by Fourier’s law. This model is
known as the most common constituent relationship for heat transfer in various
engineering materials. For thermal conduction, this law has a linear relationship

between heat flux density q and temperature gradient:

q(Tt) = —k grad T(T,t) = —kV T(T;t) (111.3)

Indeed, the heat equation identifies the variation of the temperature field T(r,t) in
space and in time. Therefore, to determine the solution in a partial differential
equation (PDE), the definition of an initial condition and a Boundary Condition (BC)
are required. There are a large number of boundary conditions, depending on the
formulation of the problem, the number of variables involved, and the nature of
equation (Zhang,2007).
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The conditions imposed at time t=0 are the initial conditions and we can also

impose conditions on the limits for example in the limit for t =>co0.

For the definition of boundary conditions of such a domain () governed by the
differential equation, as shown in figure 111.4, the component of q is orthogonal to the
I' domain boundary which is called the external normal heat flux q, is useful as

follows:

dn = q().n = =KV T(F;t).n (111.4)

Figure 111-4 Geometry and external boundary of a square domain with the normal vector at the
boundary.

Here n presents the external normal to I". The domain can exchange heat with the
external environment through three different heat transfer mechanisms, i.e.,

conduction, convection, and radiation.

This work focuses on conduction heat transfer, where there are two types of
possible boundary conditions definitions, Dirichlet and Neumann boundary

conditions.

On an interface or boundary, it is imposed the value of the solution of a
conservation equation such as temperature or electrical potentials. In other words, it
is a fixed value specifying the value of the function on the surface, in our case, it

defines the temperature values along the domain boundary I'.
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T(x) =T Vx€T (111.5)

On an interface or boundary, it is imposed with the value of a flow such as heat
flux or current density. Thus, the flux is bound by a gradient to the variable, so the
Neumann condition is to impose a value to the gradient of the variable. Indeed, it is
to specify the normal derivative of the function on a surface, which here defines the

value of the outward normal heat flux in (111.4):

T _
an() =~-k——=q VxerT (111.6)

This condition determines the orthogonal thermal flux along the boundary. Thus,
the condition in (111.6) is named non-homogeneous Neumann BC which is opposed
to homogeneous Neumann BC, defined by:

qn(x) = —kZ—Z =0 VxEeT (111.7)

Indeed, the boundary condition of (I11.7) defines the case where there is no
exchange between the domain (€2) and the external environment (case study). This is
the case of an adiabatic wall, which means that the domain is thermally insulated.

For the electrical part, it's necessary to define the electrical potential for electronic
devices where the general differential form of Faraday’s law is:

- _ 111.8
VXE - (111.8)

This condition indicates that the loop of the electric field E is given by the rate of
change of the magnetic field B over time. For the solution of the electro-thermal
problem, it is sufficient to consider the stationary case, so that the temporal
dependencies of the electromagnetic quantities involved can be neglected. Thus, the

condition in (I11.8) can be rewritten as follows:
VXE=0 (11.9)

According to equation (111.9), it is noted that the electric field E is irrotational, and
consequently, an electric scalar potential V can prove in order to express E as the
gradient of V:
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E=-VV (111.10)
The distribution of electrical quantities can be defined by the current continuity
equation additionally to (111.10):

09e _ (111.11)

V.]+ T

Here ¢, is the density of charge per unit volume per unit time. In the stationary
case, the capacitive effects are neglecting and the vector of the current density field J
is solenoidal, so the equation (111.11) is given by:

V.J=0 (111.12)

The current density J can be linked to the electrical potential V by the equivalent
differential form of the Ohm law:

] =0oFE (11.13)

When replacing conditions (111.12) in (111.13), and then the equation (11.10) is
given by:

Vo.VV =0 (111.14)

This condition then describes the distribution of the potential V in the field in the
stationary case. Equation (111.14) presents a form of the partial differential equation

such as the heat equation (I11.1), so its solution requires definitions of boundary

conditions and is defined by:

V=V VxeT (111.15)
av
=0 VxEeT (111.16)
on

In this case, the solution of equation (111.12) did not require any initial condition
since the time variable is not involved.

The electrothermal model must be solved by imposing proper interface and
boundary conditions. In our case, the computation domain is given by a box

including the structure under study and the thermal and electrical flux exchange is
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only possible through the electrodes. In the electrical problem, Dirichlet-type
boundary conditions are assumed: the WL electrodes can be fed at one side or at both
sides with a given bias voltage, whereas the BL bars are grounded. For the thermal
problem, the electrodes are assumed to be in contact with an ideal heat sink,
imposing constant temperature T = 300K on the boundary surfaces of the closing
box corresponding to non-conducting thermal and electrical materials, thermal
adiabatic and dielectric electrical conditions are imposed.

Note that in cases of practical interest, an electrothermal model must be
formulated and solved numerically. Indeed, an analytical solution can be found only
in the case of relatively simple structures. For instance, the thermal model can be
solved by using series of transformations and mathematical functions (Fourier,
Heinkel, Kirchhoff, Green... (Sabry,1999; Pesare,2001; Janicki,2002)) on the heat
transfer equation. Among the different analytical methods, we can cite the method
whose mathematical solution is in the form of a Fourier series which has found an
interesting application to solve 3D thermal problems in relatively simple structures.

The considerable advantage of this method is its speed of calculation.

I11.4 Example of numerical implementation: memristor application

The electrothermal model presented in the previous Section can been numerically
implemented by using three main methods: finite element, finite difference and finite
volume methods. In this work, we adopted the finite element (FE) method, since we

implemented the model by using COMSOL Multiphysics software (Luo,2016).

The FE method consists of discretizing the space using simple geometric elements
(triangles, rectangles in 2D and tetrahedrons, hexahedrons in 3D). It is suitable for
modeling very complex geometries. Then, partial differential equations and boundary
conditions are replaced by the so-called weak form (or integral form) in which the
unknowns are calculated using linear combinations of basic functions (Hermite
polynomials) whose support is one of the elements (Ciarlet,2002). The FE method is
therefore based on a decoupling of the space according to a mesh. Usually, we

choose a square or triangular mesh but nothing forbids to choose more complex
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meshes. It is also not necessary for the mesh to be regular and there is a tendency to
tighten the mesh close to the places of interest (for example, where the solution is
thought to vary greatly). The tighter this mesh is, the more accurate the solution
obtained by the finite element method will be and will be close to the "true” solution

of the partial differential equation.

With such a Finite Element analysis simulator (Thomas,2013), the geometric
configurations of the elementary device and of the global structure for our
applications (RRAM and Thermistor) can be designed with a specific material
property of the structure to be simulated under electrical and thermal excitation and
boundary conditions. Several partial differential equations have been solved in
COMSOL to obtain the necessary behavior of temperature and electric field, which
are listed in the previous section. The electric currents, heat transfer in solids, and
multiphysics equations are mathematically formulated as follows and included in
COMSOL modules to be used in the electrothermal model.

In the following, we discuss in details the implementation in COMSOL of the
problem related to the memristors, with results validated against experimental and
simulation results available in the literature. The first validation refers to 1R-RRAM

structure, while the second one refers to 1D-1RRAM structure.

111.4.1 Modelling a single RRAM cell, standard configuration

The thermal conductivity «(T) of the Ni* CF can be modeled as formulated in
(L6pez,2013), by means of an Arrhenius dependence on temperature. Here we adopt
the approach described in (Chiariello,2010), where the model considers Wiedemann—

Franz (WF) contribution in mesoscopic conductors:
KCF(T) = O-CF(T) -L- T, (|||17)
where L = 2441078 W-Q - K2 is the WF Lorenz constant value, and o¢r(T) is

the electrical conductivity of the Ni* CF, which can be modeled as (Kim,2014),

OcFo
- 111.18
oer (M) =17 acp(T —Tp)’ (111.18)
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where ag, IS the electrical conductivity at T, = 300K and a.p is the temperature

coefficient, with values in Table 111.1. Besides, the electrical conductivity for Nickel

bars is assumed to be temperature-independent (e.g., oy;(T) = ay;), Whereas for

copper it can be again expressed as in (111.2), which ac,value is listed in Table 111.1

at T,. Note that such values take into account the size effects of the sub-micron

dimension of the conductors, e.g. (Wilhite,2014). All the other parameters are almost

constant with the temperature and are given in Table 111.1, taken from (Kim,2014)
and (Luo,2016).

Table 111-1 RRAM Geometry and Parameter Values at T=300 K.

. diode BL/WL
Material CF HfO;
TiO; Pt Ti Ni Cu CNT
Width (nm) 16 80 80 80
Height (nm) 80 50 30 30 30 80
K
22 33.8 8.31 21.9 22 380 200 0.9
Wm™ 1K™
c
445 133 710 523 455 400 700 286
]kg—lK—l
3.07k
o (ON)
0.12M 9.65M | 2.5M | 0.12M | 33.5M 0.7u
(S.m™) 50m
(OFF)
a (K™
14m | - 2.7m (Cu)
p (kg. m™3) 8.9m 19.8K 4.2k 4.5k 8.9k 8.9k 1.6k 9.7k

As for the other materials, the experimental behavior of «(T) is provided in

(Panzer,2009) for the metal oxide TiO> film, and in (Hui,2017) for that in HfO,. In

both cases, it can be fitted as follows (Russo,2009):

k(T) = a;exp(—b,T) + azexp(—b,T) + ¢,
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whose fitting coefficients a;, b;;i € {1,2}and care in Table 111.2. The thermal
conductivity for all the other materials is almost constant with T, with the values
given in Table 111.2.

Table 111-2 Fitting Coefficients of the Thermal Conductivity.

P ; a, a, b, b, c
arameters W.m 1K' | W.m K! K1 1073K! W.m1K?
TiO, 230.2 22.3 0.037 6.5 5.1
HfO, 0.14 2.2 10.6 5.2 1.4
@
21,3 T T T T T —
g _ K
£1,2 - e i
=3 B K
Z11 . T
> Vd
8 1,0 s ’
> ] - -
E X
3094 . [-- Fit -
g 17 * Data_deposited HfO, , L=108A
= 0,8 1
- T T T T T
F 250 300 350 400 450 500 550
Temperature (K)
— (b)
<25 T T 7 T T
X - - Fit ]
£ 20 4 ;§K X Data_TiO, bulk crystal |
2 %
2154 ke -
> A S
= o
3 S~
10 - ~ ~ =
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— 54 Z
©
£
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Figure I11-5 Temperature-dependent thermal conductivity of: (a) TiO, (Ahn,2018) (b) HfO,

(Liang,2019).
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It should be mentioned that k(T) is measured up to 500 K, while the maximum
temperature in our simulation exceeds this range. However, the bi-exponential
equation given by (I111.3) can be still effective, because the metal-oxide thermal
conductivity tends to saturate at higher temperature.

The experimental results refer to the 1R RRAM studied in (Lopez,2013). Here we
use the proposed model to reproduce the behavior of the temperature of the CF as a
function of the RESET voltage applied to the electrodes. In the 1R structure, the
application of the RESET voltage produces a CF temperature increase until a critical
value T,,;; is reached, at which the filament dissolution occurs, resetting the device.
The geometrical parameters and the sweep voltage have been set according to the
data provided in (Luo,2016; Ldépez,2013). The only parameters that have been here
tuned to fit the experiment are: the filament width and the resistive temperature
coefficient acr appearing in expression (I11.2). Their values are reported in Table
I11.1. In Figure I11.6 the numerical solution obtained by the COMSOL model (dashed

line) is successfully compared to the experimental ones (dots), provided in
(LOpez,2013).

700 T T T T

] 200 ———T+—7—11—
& - ]
650 _- 580— <Tcri1>_530K g.
600—_ _-§60- q&; ] ) ,
550 o-- 2 40 4 )
2 R i
~ 500 4 =204 ° i
£ 12 1°
— 450 - 30 ‘ i
00 ] —O— Extracted data| |
4 _ - = Model
350 -~ -
300 1 CF heating . Reset
I i I T T T

: ——— .
00 01 02 03 04 05 06 07
v(Volt)

Figure 111-6 Experimental validation of the model applied to the 1R-RRAM in (L6pez,2013): CF

temperature as a function of the voltage applied to the Conducting Filament: model solutions (dashed
line) vs experimental data (white dots).
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The second benchmark case-study is provided by 1x3x2 1D1R X-bar structure
analyzed in (Luo,2016), with a row of RRAM that is active and another row that is
passive. The computed transient behavior of the maximum temperature in the active
and passive cells is shown in Figure 111.7, successfully compared to the numerical

solution given in (Luo,2016), with an error < 4.3 %.

s Active cell_algorithm
=== Active cell_simulation

/-\500 - & Victim cell_algorithme=-
e = \/ictim cell_simulation
E;J/ 4
: —
*§450 - ]
(¢B)

o -
GEJ4OO - 1
= -

N N "
350 =y — —
0 50 100 150 200
time(ns)

Figure 111-7 Numerical validation of the model applied to the 1D1R-RRAM 1x3x2 array in
(Luo,2016): active and passive cell maximum temperature as a function of time: our model (solid
lines) vs model in (Luo,2016). (crosses and triangles).

111.4.2 Modelling a single RRAM cell: carbon nanotube electrodes

Given their outstanding physical properties, novel carbon-based nanomaterials
such as Carbon Nanotubes (CNTs) or Graphene Nanoribbons (GNRs) have been
recently proposed to realize new architectural solutions for RRAM devices
(Kim,2012). This work investigates the use of these materials within the RRAM
architectures in Figure 11.10, to realize the WL/BL. Indeed, superior signal and
thermal integrity performance have been demonstrated for CNT or GNR
interconnects (Maffucci,2016 ; Slepyan,2015).

However, semiconductor industry is seriously taking into consideration the

possibility to replace conventional materials with innovative ones, such as CNTs
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(Maffucci,2016). Indeed, CNTs exhibit outstanding properties, such as: high current
carrying capability, up to 108-10° A/cm?, orders of magnitude higher than copper;
large electron mean free path, of the order of hundreds of um, to be compared to the
few tens of nm in Cu; high Young Modulus of about 1 TPa, 5 times higher than for
stainless steel; excellent thermal conductivity, up to values of about 3500
W.m 1K1, whereas for Cu it is usually about 400 W.m™1K~1.The electrical
resistance of a single shell CNT of length | may be expressed as follows
(Forestiere,2010; Maffucci,2017):

Ro+Rp(T) Ry |1
M(T) ZM(T) lmfp'

R(T) = (111.20)

where l,f, is the electron mean free path, M is the number of conducting
channels, R, = 12.9kQ is the quantum resistance and R,, is a parasitic term. The first
term in (111.20) is the so-called contact resistance, whereas the second term is a
distributed term, the intrinsic resistance, which vanishes for short lengths, [ < L, ¢,
I.e., in the ballistic transport regime. The contact resistance is given by two terms: the
term Ry/M is always present, as long as the CNT is connected to a different

conducting material at its terminals.

The number of conducting channels M depends on the CNT diameter, chirality
and temperature, as shown in Figure 111.8: here M is plotted for a metallic and a
semiconducting CNT shell versus CNT diameter D, for two temperature values
(Maffucci,2013). Typical single-wall CNT (SWCNT) diameters are of the order of
few nm.

In order to realize CNT electrodes for the RRAM device under investigation, in
the following we assume a bundle of Nob MWCNTS fed in parallel, thus lowering the
huge value of resistance of single CNT. Statistically, 1/3 of the CNT shells are
metallic and the other are semiconducting. Let us consider a total of No MWCNTS in
the bundle, each of them characterized by an outmost shell diameter Dout which is
usually 2-4 times larger the inmost shell diameter Dou:. Such diameters fall in a range
where both metallic and semiconducting shells contribute to the conduction,
according to Figure 111.8. Therefore, the bundle resistance is given by (111.20), where
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M is computed by summing over all the Ns shells for each individual MWCNT, and

over the number of CNTSs in the bundle:

Ny Ng

M(T) = zz M, (T), (111.21)
i=1 k

where M;  (T) refers to the k" shell of the i*® CNT in the bundle, of diameter D; ..

=)

Number of effective channels

—— Metallic

0 —e— Semiconductor

1o 10 20 30 40 50 60
CNT diameter [nm]

Figure 111-8 Equivalent number of conducting channels for metallic (armchair) and semiconducting
(zig-zag) CNTs, at two different temperatures.

In a CNT interconnect there are two counteracting mechanisms as temperature
increases: from one hand, R should increase since Imfp(T) decreases, whereas,
Renr(T) should decrease since M; (T) increases. The balance between these
counteracting factors can provide an excellent thermal stability (Maffucci,2013).
Once calculated the bundle resistance, Renr(T), the equivalent electrical conductivity
can be obtained as (111.23) and can be fitted by means of formula (111.19), providing

the results in Figure 111.9.

o(T) = I/R(T)S (111.22)
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Taking into account the WL/BL dimensions in Table I11.1, we assume a densely-
packed bundle of 10 identical MWCNTSs, with D = 16 nm and 24 total shells
(Chiodarelli,2013). As for the contact resistance, we should take into account a
CNT/Ni contact, since the CNT bundles cannot completely replace the Ni bars,
otherwise, it would be not possible to create the filament.

Therefore, we assume the presence of a small Ni electrode at the top of the RRAM
cell. Unfortunately, huge contact resistances for CNT/Ni electrode are reported, in
the range of MQ (An,2012). Here, we assume the following model for the contact

resistance:
R(T)=B(T—Ty) + Reo (111.23)

with B =13KQand R., =30KQ at T=To=300K. Although lower values of
contact resistance may be obtained for instance by using rapid thermal annealing
(Magnani,2016), we assume here the above conservative values, in view of studying
realistic cases. The resulting equivalent conductivity is fitted by (111.19) as in Figure
.9, with a; =2565.m ™, a, =16S.m™%, b =9.6 m.K™%, b, =22m.K™?
and ¢ = 5.64 MS.m™1. The values of the conductivity at 300K are in Table I11.1.

200 T T T T T T T
—— o(T) of MWCNT
150 - 0.08 |
g _.0.06 ]
wn £ | 17
S 100 4 20041
— S -
N b -
b 0.02 A ]
‘— o (T) of contact layer
50 - 0.00 — 17—
300 600 900 1200 1500 1800 -
T(K)
0

B 1 B 1 B 1 B 1 B 1
300 600 900 1200 1500 1800
T(K)
Figure 111-9 Equivalent electrical conductivity of the bundle of multi-walled CNT. INSET: equivalent
electrical conductivity for the contact layer (Zayer,2019).
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The thermal conductivity of isolated CNTs can reach values as high as 3300
W.m™1. K™%, but when they are bundled this value is strongly reduced, depending on
the bundle quality (for instance, density, alignment, defects, and so on...). Once again, to
study a realistic case with a standard bundle quality, here we consider the value of 200
W.m™1. K1, the lower one reported in (Forestiere,2010). All the other parameters have

been given in Table I11.1.

111.4.3 Modelling a single RRAM cell, improved conductive filament
model

As pointed out in the introduction, the starting point of our analysis is the 1D-1R
cell given in Figure 11.10b. In order to introduce the multiphysics model and its
parameters, it is needed to provide here a short description of the physical
mechanisms leading to the destruction of the conducting filament (CF), hence to the
switching from LRS to HRS (i.e., RESET).

In the considered cell, the formation/dissolution of the CF is a complex
mechanism dictated by thermochemical reactions, including localized redox
processes (Larentis,2012; lelmini,2015), and ion migration. The SET and RESET
mechanisms may be described through defect migration (e.g., excess hafnium and
oxygen vacancies) induced by the local values of electric field and temperature
(lelmini,2011). During the SET process, the ions are emitted from the active
electrode and migrate through the oxide, under the action of a voltage bias applied to
the active electrode (anode, positive top electrode, TE), whereas the bottom
electrode, BE, is grounded (cathode). The LRS state reached by the cells after the CF
is formed is also responsible for Joule heating that greatly increases its temperature,
and provides the thermal energy necessary to facilitate ion migration. In the RESET
process, the filament rupture is a consequence of a thermal effect: it ends up breaking
due to the high temperature and the device turns back to HRS. The actual conditions
that determine the rupture may significantly change from one RRAM to another one,
for instance, due to a different metal oxide (Cho,2006; Mattioli,2008; Jeong,2008;
Marucco,1981). If the temperature increases as a consequence of the cell’s self-

heating, these conditions can be achieved by applying a minimum voltage level,
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typically Vreser = 0.53 V (Lahbacha,2020; Li,2017; Russo,2009). However, the
conditions for resetting a single cell can also be reached in absence of any voltage
applied to that cell, as a consequence of a thermal exchange from the nearby cells. In
this case, an unwanted RESET occurs, and hence the thermal crosstalk leads to the
device failure.

Since the final goal of this study is to compare different architectural
arrangements of cells, rather than to study the single cell, a simplified model for the
single cell has been here used. As detailed in the next paragraph, the
formation/dissolution of the CF is simply described by an equivalent CF
conductivity, that models the gradual and smooth transition between LRS and HRS
occurring during the RESET, following a non-linear law with respect to temperature.
The V-1 characteristic curve of such devices is known to be highly non-linear. In our
simplified model, a linear approximation is used for the LRS and HRS, that can be
adopted if we limit our analysis to the branch of the V-I curve that refers to the
RESET operation, as shown in (Russo,2009). With the above-mentioned limitations,
this simple model is suitable for our purposes for perform the signal and thermal
integrity analysis.

A crucial temperature-dependent parameter is given by the equivalent electrical
conductivity to be associated to the CF in the oxide. Compared to previous works
done by the Authors (Zayer,2019; Zayer,2020), and (Lahbacha,2020), here the CF
conductivity model is improved, to properly account for the variation of the
conductivity while the RESET switching is in progress. To this end, the conductivity

of the CF is formulated as:

o(T) = o, (1 ! ) + o, (111.24)

- 1+(exp(—B(T—TcR1T)))
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This equation describes a smooth transition from high (o) to low (o,) conductive
states (see Figure 111.10). The parameters appearing in (111.24) strongly depend on the
CF status, as for instance the filament actual geometry and the local doping. In the
following, we assume the values o; =3.3-10° Q" 'm™! and 0, = 103 Q" Im™1,
corresponding to a typical dopant density of the CF (Larentis,2012; Park,2010), and
the value of the critical temperature Tcrir = 550K taken from (Lahbacha,2020;
Li,2017; Russ0,2009). This parameter is the mean value of the temperature range
where the transition occurs. In this way, we can take into account a statistical
distribution of the RESET, that can actually take place for different temperature
values around Tcrit. Here, a uniform distribution is assumed in the range T¢g;r t
20%, obtained by putting B = 0.153 in (111.24).
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Figure 111-10 Temperature-dependent electrical conductivity of the conductive filament (Ni).

The electrical conductivity of the metal oxide HfOg, is assumed to be thermally

activated by Arrhenius equation (lelmini,2011):

o(T) = o, exp (— EB%) (111.25)

where o, is a pre-exponential factor, Epc = 0.05 eV is the activation energy for

insulating conduction, kg is Boltzmann's constant, and T is the local temperature.
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Next, the thermal conductivity of the surrounding medium HfO> is here modeled
as in (Panzer,2009),

kufo = Kuroo(1 + A(T — Tp)), (111.26)

where Kufoo is the value at T, = 300 K, and A = 10 mK™1,is the linear thermal
coefficient.

In the temperature range of interest for this work (300 K — 1500 K), the thermal
conductivity of the CF can be assumed to be constant, with the value provided in
Table 111.2 (MiloSevi¢,2006). Note that this value may change slightly from metal to

metal.
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4 = Ref (Zhu,2019)
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Figure 111-11 Model comparison: temperature values computed at the center of a RRAM 1D-1R cell
along the vertical axis (z-axis), by means of our model (red dots) and compared to the results in
(Zhu,2019) (black line).

Nevertheless, an adaptive tetrahedral mesh is used to implement the numerical
model. A proper mesh assessment has been carried out for each simulation, by
refining step by step the mesh element size in order to ensure good convergence. The

finally adopted mesh has been chosen so to provide a relative error on the estimated

maximum temperature less than 0.3%.
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In order to compare the Multiphysics model based on Ni metal proposed here to
the results available in the literature, the 1D-1RRAM cell studied in (Zhu,2019) was
implemented, where the details of geometry and material parameters can be found.
The results obtained with the proposed model are successfully compared to those
provided in (Zhu,2019), as reported in Figure I11.11. In details, Figure 111.11 plots the
steady-state temperature at the center of the structure, along the vertical axis of the

device (z-axis), after a RESET signal of voltage 1.6V.

111.4.1 Assessment of the FEM solution: mesh size and sensitivity

The purpose of the mesh sensitivity study in 3D 4x4x4 crosshar RRAM is to
determine a mesh trade-off between the accuracy of the results and the computation
time of the simulation, in order to obtain recommendations on the optimal mesh. A
tetrahedral mesh is used in the COMSOL software for discrete the domains of our
4x4x4 structures. Several sizes of the elements of the mesh are tested (Table 111.3) in
order to ensure good convergence. Figure I11.12 shows the evolution in steady-state

of the maximum temperature for different size mesh elements.
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Figure 111-12 Time evolution of the temperature rise for different size mesh elements.
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As shown in Figure 111.13, the maximum temperature varies as the dimensions of
the element decrease and then reaches a value of stability. When the number of
elements is low (Extremely coarse), the resulting solution deviates from the exact
solution and the average relative error on the maximum temperature is of the order of
4% comparing with normal mesh. On the other hand, when the number of elements
is greater than 20000, the effect of this number of the solution becomes very small
and it can be concluded that the computer code has converged to the exact solution,
then the error decreases again until 0.08% for the fine mesh. That clearly proves that
convergence is indeed reached and that the normal mesh is the most adequate for this

computation.

Table I11-3 lustrates the number of elements for each mesh.

Element size of
Mesh
Nb of elements 14451 15310 | 18701 25581 38488 | 52538 | 78006
Max Temp (K) 1106.9 1085.6 | 1072.8 | 1068.8 | 1063.5 | 1062.6 | 1061
The relative
error/Normal 4.08% 2.08% 0.87% 0.5% -- 0.08% | 0.24%
mesh

Extremely Extra | Coarser | Coarse | Normal Fine Finer

1200 —

1000 —

800 —

p(K)

600 —

400 —

Max Tem

200 —

T T T T T T T T T T T T
Extremely Extra Coarser Coarse Normal Fine Finer

Mesh Type

Figure I11-13 Maximum temperature as function of mesh type.
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Modeling of the electrical conductivity in the oxide and in the CF is necessary to
solve equation (I11.1). In fact, the CF presents the dopant region in the memory cell,
where the formation and the rupture process are based on thermochemical reactions
and then result in the change of resistance states. The unipolar switching behavior is
adopted by the thermochemical mechanism, where the SET and the RESET are
described through defect migration (e.g., excess hafnium and oxygen vacancies Vo)
(lelmini,2011) induced by the local electric field and temperature due to Joule
heating. This migration is generated from the anodic interface under a positive top
electrode (TE) bias to the cathode side is the bottom electrode (BE) which is
grounded and then the formation of the conductive film (set process). In this step, the
device is in the LRS, because usually, the film passes through the limited size of the
small conductive channel, so the current density through the conductive channel is
slightly larger, and then the resulting amount of Joule heat allows the conductive
filament to greatly increase its temperature. This joule heating provides the thermal
energy necessary to facilitate ion migration. Several metal oxide conductivities are
characterized by the degree of non-stoichiometry of the forming filament (Cho,2006;
Mattioli,2008; Jeong,2008; Marucco,1981).

I11.5 Conclusions

e This chapter describes the method of coupling the electrothermal modeling
for the electronic devices and then for our applications.

e The electrothermal model considered in this work for analyzing the
physical model of the RRAM and of the graphene-strips, is described in
detail from the electrical and thermal points of view, also the boundary
conditions required to solve the system of the partial differential equation
(PDE).

e The numerical implementation of this work is based on the finite element
method (FEM) and implemented in COMSOL, where the mesh sensitivity
is studied in order to estimate the optimal mesh.

e The implementation of the conventional physical model of the single

RRAM cell is analyzed and validated against benchmarks in literature and
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then an improved conductive model is described and also validated by
implementing new formula describing the transition of conductive states.
e In order to replace the conductive materials (Nickel) of the interconnects

by the Carbone nanotubes, a full description of the physical

characterizations of the CNT parameters is presented.
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Chapter 1V : Electrothermal
Analysis of 3D Crossbar
Resistive Memories
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IV.1 Introduction

In this chapter, a full 3D electro-thermal numerical model is used to analyze the
signal and thermal integrity of 3D stacked RRAM arrays and to study solutions to the
above-mentioned issues. In this multiphysics model (described in Chapter I11), the
electrical power dissipation is the heat source of the thermal problem and
temperature-dependent electrical parameters are considered into the electrical one. In
(Zayer,2019; Lahbacha,2020), the Authors have already demonstrated that issues like
voltage drop and temperature rise may appear in 3D RRAM x-bar structures. In this
chapter, a more detailed signal and thermal integrity analysis is provided for a large
structure (for instance 5x5x5), also including the electrical effects of the thermal
crosstalk. In addition, possible mitigation solutions are investigated, such as the use
of different bias schemes and/or the use of novel nanomaterials as interconnects.

Compared to existing approaches in the literature, where the electrothermal
analysis is carried out by checking the steady-state response after the application of a
step-voltage bias (Zayer,2019), in this chapter a more realistic condition is analyzed,

where the voltage waveform is a train of pulses, as shown in next Section.

The second target of this chapter is the proposition of the two novel architectures
which are depicted in Figure 1V.1, referring to a 4x4x4 array. The first one (Figure
IV.1a), is based on reversing the 1D-1R cell from one layer to another one.
Hereafter, it will be denoted as the “reverse architecture”. The second one (Figure
IV.1d) is based on an elementary cell without the diode (Figure 1V.1e): two memory
cells are integrated into the array in such a way to realize two anti-serial resistive
elements (Complementary Resistive Switching, CRS) sharing a thin common
electrode (Lee,2010; Batude,2011). This structure will be hereafter denoted as CRS
architecture. For all the considered architectures, we assume the whole 3D structure
to be surrounded by Hafnium dioxide (HfO2) which is not shown in Figure 1V.1.
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Figure IV-1 The novel proposed architectures for realizing a 4x4x4 RRAM array: a) 1D1R-1R1D
reverse architecture; b) 1D-1R cell, with Ni bars; c) 1D-1R cell, with Cu bars and thin Ni layers; d)
CRS architecture; e) CRS single cell, with Ni bars; f) CRS single cell,

Another novel contribution of this work is the study of the array performance
when new materials are adopted to realize the bars to be used for BL/WL,
conventionally made by Nickel. Toward this end, a conventional material (copper)
and a novel nanomaterial (carbon nanotubes) are considered.
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IV.2 Signal and thermal integrity analysis with conventional CF
model

IV.2.1 Transient analysis of a single RRAM cell

Let us consider the single 1D1R RRAM cell in Figure 1V.1b, with the dimensions
in Table 111.2. The typical RESET signal is made by a train of pulses: in each period
there is a “write” pulse of a typical amplitude of about 1V, followed by a non-
destructive “read” pulse, of typical amplitude of 0.1V, (Ahn,2018; Mattioli,2008).
However, the electrothermal analysis in literature usually refers to the application of
a DC voltage, rather than to the above train pulses, (Luo,2016; Zayer,2019). To
highlight the difference, let us study the RRAM (with Ni bars), under a bias voltage
described by: (i) a step function of amplitude 1.2V; (ii) a pulse train with the same
amplitude, a period equal to 50ns and a duty-cycle, D= 50% (Figure 1V.2a). In both
cases, a rise- and fall-time of 2.5 ns is used. The maximum temperature of the device
versus time is reported in Figure 1V.2b: a step voltage highly overestimates the

temperature.

However, the use of such a signal strongly reduces the computational cost. For this
analysis, a mesh of about 6000 elements is needed, to assess the error below 1%. By
using this mesh, the transient simulation in Figure IV.2 required 220s for the step
voltage and 1215s for the pulsed one, on a 16 CPU-core and 32GB-RAM memory
workstation. It is however possible to define an equivalent step voltage and avoid
using the pulse train. To this end, we can express the maximum temperature reached

after applying a bias voltage of amplitude V}, as:
T™Ma — T, = R, P! (IV.1)

Here, R, is the equivalent thermal resistance of the device and P/ is the dissipated

Joule power, that can be expressed for the step and the pulse train voltage cases as:

pl W
step — R_e'

P = Lms (IV.2)

pulse Re '
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where R, is the equivalent electrical resistance of the device and Vi,..s IS the true
root mean square (TRMS) value of the voltage pulse, given by Vs = Vp\/ﬁ. From

(IV.1) -(IV.2), it is:

max = DT + To(1 - D) (IV.3)

pulse

and hence the pulse voltage train can be replaced by an equivalent step voltage of
amplitude equal to V... The actual solution associated with the pulses, as shown in

Figure IV.2b. In this case, this approach introduces an error of less than 4.5%.

m T T T T T T — = 3tep voltage
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Figure IV-2 Transient analysis for a single RRAM: a) applied step and pulse train voltages; (b)
corresponding maximum temperature for the two input signals and for the TRMS assumption.

The 1D1R RRAM cell is simulated under step and pulse electrical voltage signals
in order to analyze the voltage and temperature distributions for the three

interconnect cases. The WL and BL in the top and bottom layers of the memory cell
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are assumed to be made by Ni, Cu and CNT interconnects, respectively. For the case
of Cu and CNT, the TE is configured as Cu metal and as a bundle of multi-walled
CNTs grown on a localized active Ni thin layer in the cross-sectional resistive
switching cell by shrinking the sidewall Ni thin layer oxidation as depicted in Figures
IV.3c), d) and Figures 1V.3e), ), respectively.

An additional layer at the bias point (i.e., contact layer) is included to account for
the effect of the lumped contact resistance for CNT/metal interfaces. Also, a Pd layer
is added for the side contact between CNT and the active Ni metal with a contact
resistance, R.(T) = 1.5kQ. As a results, the voltage and thermal behaviors under
step voltage are shown in Figure 1V.3, where the Joule heating is generated with
different dissolution rate for the different interconnect cases.
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Figure 1V-3 3D voltage and thermal distributions at steady state temperature for the 3D RRAM cell
using the three case interconnects. a) and b) Ni, ¢) and d) Cu, €) and f) CNT interconnects
respectively.
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IV.2.2 Analysis of a 1D1R 5x5x5 RRAM crossbar architecture

In this part, a 5x5x5 RRAM crossbar structure is studied, where the cells in each
layer are connected by WL and BL bars of length 0.8 um (the cross-section
dimensions are given in Table I11.2). In the reference case, these bars are made by Ni
and therefore they act both as the electrodes for each RRAM, and as the electrical
interconnect routing the signals through the array. Alternative solutions are here
investigated, consisting in leaving only a small layer of Ni at the top and bottom of
each cell (to provide the active electrodes), but replacing it in the bars with another
conventional conductor like Copper (Cu) or a novel conductor made by a bundle of
MWCNT. The characteristics of CNTs are discussed in Chapter Il and the physical

parameters for Cu and CNT are reported in Table I11.2.

The RESET switching is analyzed: in this case, all the cells are in the low
resistance state, hence providing the highest current levels, and consequently the
worst conditions in terms of voltage drop and heat production. The structure is fed as
follows: the WL bars corresponding to the 1%, 3@ and 5% layers are biased at one side
or at both sides. The BL bars are instead grounded at one side or at both sides.
Consequently, the RRAM cells belonging to 1%, 3@ and 5" layers are active, whereas
those belonging to the 2" and 4™ are passive. Given the above considerations, 4

different cases have been defined, as summarized in Table IV.1.

Table IV-1 Analyzed cases for the 5x5x5 RRAM crossbar array.

Case Bar material Bias level WL terminal conditions BL terminal conditions
) one side biased, one side grounded, other
1 Ni 18V ) ) ) )
other side floating side floating
2 Ni 15V both sides biased both sides grounded
3 Cu 1.2V as in Case 1 as in Case 1
4 CNT 1.2V asin Case 1 asin Case 1
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As for the thermal management problem, here we assume that the conducting bars
at the top (5™) and bottom (1%) layers are connected to a heat sink, imposing the

fixed temperature of T = 300K.

Figure V.4 illustrates the thermal distributions in the middle of the RRAM CFs in
the 3rd layer which show the high temperature of the 5x5x5 structure. Simulation

results shows that both cases of using Ni metal suffer from the problem of voltage

drop, even the consideration of two side biasing scheme. As seen in Figure 1V.4, due
o
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Figure 1V-4 3D thermal distributions in the 3rd layer (active) of the 5x5x5 memory integration structure:
thermal response along the middle of CFs for the considered four cases, respectively.

the high voltage drops when using Ni wires, most of the RRAM cells does not switch
in the structure. This is why we see the highest temperature on the Ni electrode
(Figure IV.4 a. In contract, for the cases of using Cu and CNT the highest
temperature is located in the region of the filaments.

The computed 3D steady-state distributions of the voltage and temperature across
the 5x5x5 structure are plotted in Figures IV.5 and 6, respectively, for the cases
defined in Table IV.1. From Figure IV.5 it is evident that the Ni bars (cases 1 and 2)
introduce a severe voltage drop, so that the voltage imposed across the CF strongly
varies from the nearest to the farthest cell from the bias application point. The
maximum and minimum voltage V. computed for each layer is reported in Table
IV.2: for case 1, despite the high bias voltage (1.8 V), the furthest cells to the voltage

supplier will not reset, being the V. below 0.5 V.

As for the layers #2 and #4, where the RRAMs are supposed not to reset, the

electrical crosstalk is not so relevant, as shown by the low values of the induced
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voltages reported in Table 1V.2. Note that the results for the passive layers #2 and #4
are similar, as they share the same distance from the heat sink. The use of Cu (case 3)
or CNT (case 4) bars may solve the problem: although the bias voltage is reduced to
1.2V, all the cells in the active layers correctly switch and the difference between the

maximum and minimum values of V. is small.

(b)

nrm V
AlS

I 1.4

1.2

%10 nn

400 nm

%107 nm 0.6

n 0 - 0
Figure IV-5 Computed steady-state voltage distribution in the RRAM X-bar structure, for the cases in

Table IV.1; (a) case 1; (b) case 2; (c) case 3; (d) case 4.
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As for the thermal behavior, Figure 1VV.6 shows that the use of Ni bars (cases 1
and 2) lead to a higher temperature rise, compared to Cu (case 3) or CNT bars (case
4). This is also shown in Figure V.7, which plots the transient behavior of the
maximum temperature value for the four cases. However, when the voltage drop is
too high, the highest temperature may be found on the electrode rather than the
filament, as the case of Ni bars, where many RRAM cells do not switch. The thermal
performance of CNT and Cu solutions are comparable: in fact, these temperature
ranges are within the CNTs material capability to maintain structural integrity, but

not for Cu, being too close to its melting point. Besides, the contact resistances play a
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Figure V-6 Computed steady-state temperature distribution in the RRAM X-bar structure, for
the cases in Table I1V; (a) case 1; (b) case 2; (c) case 3; (d) case 4.
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crucial role for CNTSs, as described in Chapter I11. For larger structures (hence longer
bars), the Cu performance worsens, whereas a better condition occurs for the CNT
one, since the contact resistance becomes less important, due to the effect of ballistic
transport (e.g. (Magnani,2016)). It is worth to note also that the ON-state resistance
of the RRAM cells significantly affects the steady-state temperature. We have
analyzed the case where the on-state resistance was increased by a factor of 10, and

we found, as expected, that Tmax is decreased from 575K to 425K in steady state.

Table V.2 reports the maximum value of the steady-state temperature at the

middle point of the CF of the cells of each layer: the inner active layer (#3) suffers

1200
1000 -
9
\-(;é 800 +
E : :
~ 500 —4— Ni (1.8V from one side)
i —a&— Ni (1.5V from both sides)
| —u— Cu -
400 CNT
— T T T T T T T T
0 200 400 600 800 1000
time(ns)

Figure 1V-7 Maximum temperature computed in the 5x5x5 crossbar structure as a function of time, for
the considered four cases in Table I11.4.

from the highest temperature rise, being the farthest from the heatsink. The
difference in the values of VCF of layer #3 compared to layers #1 and #5 is due to
the higher temperature level reached by the CFs in the inner layers. The thermal
crosstalk induces in the cells of passive layers (#2 and #4) temperature values higher
than the critical value, T,,.;;. This means that these RRAM cells experience unwanted
RESET switching, although the electrical crosstalk is negligible and the induced
voltage is low. Indeed, a minimum level of voltage is needed only when an isolated
RRAM is considered, where the temperature T iS reached by the self-production

of heat, after the application of a suitable voltage level. However, while the thermal
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crosstalk occurs severely at the large integration scale, the studied unipolar RRAM
device and, in general, thermochemical memories, could be integrated into 3D x-bar
structures only if the thermal crosstalk is alleviated. This requires, for instance, using

advanced cooling solutions.

Table 1V-2 Computed Metrics for the Signal and Thermal Integrity Analysis of the 5x5x5 crossbar

structure.

Layer Metric Case 1 Case 2 Case 3 Case 4
Vermax [V] 0.96 0.85 0.82 0.73

#1 (active) Vermin [V] 0.51 0.74 0.79 0.72
Trex [K] 840 738 662 662

Ver max [V] 1.12 0.96 0.87 0.81

#3 (active) Vermin [V] 0.67 0.86 0.86 0.80
T [K] 1150 1010 904 884

Vermax [V] 0.86 0.74 0.8 0.62

#5 (active) Ve min [V] 0.36 0.61 0.7 0.61
Trex [K] 618 574 560 540

Ver max [UV] 0 165 47.8 -38.8

#2 (passive) Vermin [UV] -740 -180 -72.8 -46.8
Trax [K] 1000 872 769 767

Although many applications (e.g, neuromorphic and computer vision) benefit
from recently demonstrated RRAM device characteristics and other memories (e.g.
low energy/latency and low variation...), they always need high density of crossbar
structures. The main issues analyzed here do not actually come from the single
device behavior, but rather from the integration scheme (bias, interconnects, etc...).
Therefore, even though other thermally induced memory devices are considered,
these issues must be addressed as well. The issues tackled in our paper are
proportional to the density of integration, rather than to the specific property of the

single cell.
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Regarding active layers in the 5x5x5 structure, both voltage level VL= [Max
(Vtcr-Vbcer), Min (Vtcr -Vber)] and vpg are increased with respect to the 5x5x1
crossbar layer, where Vtcg and Vbcp refer to the voltage at the top and bottom of the
RRAM CF, respectively. However, this could be interpreted as the following, the
temperature of a given corss-point memory cell, TM in structure can be evaluated

with Joule heating and heat dissipation as the following;

t1 P] _ Pd
Ty = f dt (IV.4)
t

C. Vyol

where ¢ is the heat capacity and Vo is the volume of the active region in the
memory cell. B = R,.i* = i.(V, s — Vi, cr) is the Joule heating power of RRAM
device. Py = —A.Y ki, VT is the heat dissipation. A is the cross-sectional area of
heat conduction, and VT, is the temperature dispersion around the active region.

The temperature gradient VTy; in three directions (X, y, z) in 3D memory device
leads to VTy; = Ty — To/Dm, Where Dy is the distance for Ty, to decrease to T,. At

steady state temperature, the above-mentioned formulas lead to;

Tu
Vi = Vor = A.Z ke, VTy (IV.5)

Hence, as thermal crosstalk is more severe and higher reached Ty, will results in a
high potential level. (i.e., VL in the 3" layer is higher than VL in the 1% and 5" active
layers), fast diffusion of oxygen vacancies and further lead to the increase of R,,
even for victim cells. To this end, a possible solution may be to decrease the applied
voltage across the WL wire in the middle layers to deals with the huge rise of

temperature.

A further analysis on the thermal crosstalk is shown as the equivalent circuit
presented in Figure 1V.8a), where RHS is the thermal resistance of the heat sink to
the ambient temperature To. Rthi is the thermal resistance of a given memory cell
with a temperature T; to To along the heat dissipation path and Pji is the produced

[19%2]
1

Joule heat, where is the layer index. The derivative of heat transfer through the
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crossbar structure is proportional to the negative gradient in the temperature and to
the area, at right angles to that gradient, through which the heat flows. The thermal
response for the thermal crosstalk along z-axis direction using the four considered

case interconnects is presented in Figure 1V.8Db).

In fact, the asymmetric temperature distribution observation in the case of using
Ni interconnect can confirm the voltage drop contribution to joule heat production.
The use of Cu bars results the instability in managing the heat conduction, for
instance, the temperature at steady state in the 1st and 5th layers show T,y = Ty =
540 > T,. In contrast, CNT shows a reduced and uniform thermal distribution when
compared to the other cases. The shown symmetric distribution with CNT wires is
better from point of view heat removal with existing cooling systems in stackable

chips.
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Table 1V-3 Temperature profile in the 5x5x5 RRAM crossbar structure. a) Equivalent thermal
crosstalk circuit. b) Thermal crosstalk along the z-axis direction at Wpioge/2 following TMAX point,
([x,y] (nm) = [-320,-128], [320,-232], [320,-128], [128,232] for the use of: Ni biased from one side,

Ni biased from both sides, Cu and CNT, respectively.
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However, thermal management can be done by using diamond, which is electrical
insulator and good thermal conductor. In addition, dual-side heat sink can be used
and/or through active and embedded cooling where a coolant is made to flow
between the stacked active layers. Moreover, the reason why we propose CNTs
instead of Cu is related to the manufacturability, since copper bars with such a small
cross sections suffer from mechanical problems. Thus, the use of CNT nanowire is of
great potential benefit for high-density RRAM arrays, when the signal and thermal

integrity is the main concerns in memory design.

Although many applications (e.g., neuromorphic and computer vision) benefit
from recently demonstrated RRAM device characteristics and other memories (e.g.,
low energy/latency and low variation...), they always need high density of crossbar
structures. The main issues analyzed here do not actually come from the single
device behavior, but rather from the integration scheme (bias, interconnects, etc....).
Therefore, even though other thermally induced memory devices are considered,
these issues must be addressed as well. The issues tackled in our paper are
proportional to the density of integration, rather than to the specific property of the

single cell.

IV.3 Signal and thermal integrity analysis with improved CF model

IV.3.1 Analysis of 4x4x4 RRAM crossbar architecture

The two novel architectures proposed in this part are depicted in Figure IV.1,
referring to a 4x4x4 array. The first one (Figure 1V.1a), is based on reversing the 1D-
1R cell from one layer to another one. Hereafter, it will be denoted as the “reverse
architecture”. The second one (Figure IV.1d) is based on an elementary cell without
the diode (Figure 1V.1le): two memory cells are integrated into the array in such a
way to realize two anti-serial resistive elements (Complementary Resistive
Switching, CRS) sharing a thin common electrode (Batude,2011; Lee,2010). This
structure will be hereafter denoted as CRS architecture. For all the considered
architectures, we assume the whole 3D structure to be surrounded by Hafnium

dioxide (HfO2) which is not shown in Figure IV.1.
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Besides investigating these new structures, this study also analyzes the advantages
of using new materials and new biasing schemes. Specifically, it is proposed to
realize the WL and BL bars by using Copper (Cu) and Carbon Nanotubes (CNT)
instead of Nickel (Ni). In this case, a thin Ni layer is lying on the bundles of the
carbon nanotubes and on the copper WLs (see Figure 1V.1c and Figure 1V.1f), so that
the CF is still realized by Ni ions, as for the reference structure, as done in
(Zayer,2020). Finally, bi-lateral biasing schemes are also investigated.

Before analyzing the performance improvement obtained by means of the novel
RRAM architectures proposed in this work, we have first studied the conventional
architecture so far proposed in the literature to realize a 4x4x4 crossbar array of 1D-
1R cells (Sun,2015; Luo,2016). The conventional way to arrange 4 layers of 1D-1R
memory cells in a vertical stack is that of placing the cells with the same polarity at
each layer, and alternating a layer of word lines and a layer of bit lines. The WL bars
are biased and connected to the reference electrode of each cell, whereas those of the

bit lines are grounded, and connected to the reference electrode of each cell.
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Figure 1V-8 Reference architecture with Ni wires at the steady state: a) electrical potential
distribution; b) temperature distribution.

This structure has been, for instance, studied in (Liang,2010; Huang,2012), where
the promising features in terms of monolithic integration are highlighted, along with
the potential issues related to the crosstalk noise. In (Zayer,2019; Zayer,2021), we

have already proposed some possible solutions to mitigate these problems, based on
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replacing the conducting materials of the WL and BL bars. Specifically, modelling
results obtained by assuming both conventional conductors (like copper) or novel
conducting materials (such as carbon nanotubes (Todri-Sanial,2017)) are suggesting
the possibility to improve the structure’s performance. As pointed out in the
introduction, this work proposes to solve the signal and thermal integrity issues by
moving to two alternative architectures, but also considering the possibility of
replacing the Ni bars with Cu and CNT ones, as done in (Zayer,2019; Zayer,2020).
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Figure IVV-9 Reference architecture with Cu wires at the steady state: a) electrical potential
distribution; b) temperature distribution.
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Figure IV-10 Reference architecture with CNT wires at the steady state: a) electrical potential
distribution; b) temperature distribution.
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The results of the analysis on this reference structure are given in Figures IV.
9,10, and 11 and refer to the distributions of the electrical potential and temperature
at the steady state, for the case of Ni wires (Figure 1V.9), Cu wires (Figure 1V.10),
and CNT wires (Figure 1V.11).

The results in Figure 1V.9 were obtained by considering a bias voltage of 1.4V,
applied from one side of two WLs, which means that layers #1 and #3 are active
(therefore they are supposed to RESET), whereas layers #2 and #4 are passive and
thus they should maintain the SET state. The reason for a so high bias value is that of
compensating the huge voltage drop along the Ni wires, which makes the voltage in
the cells far from the bias point much lower than that of the nearest ones. Indeed, a
bias of 1.4V is necessary to guarantee the minimum level of 0.7 V across the
filaments of each cell, as reported in Table IV.4. This bias, however, leads to thermal
integrity issues, since the cell temperature reaches values such as all the cells are
resetting, including those in the passive layers, as shown in Figure IV.6b and
reported in Table IV.5.

As pointed out, a way to mitigate this issue is to replace the WL and BL nickel
bars with copper and carbon nanotubes ones, leaving a small layer of Ni at the top of
each cell to provide the active electrode. Moving to Cu and CNT bars, the bias
needed to provide the minimum RESET voltage to all cells may be lowered to 0.9V
and 1V respectively, as shown in Table 1V.4. Indeed, Figure 1VV.10a and 11a show an
excellent degree of uniformity in the voltage distribution over the Cu and the CNT
crossbar lines when compared to Ni interconnects. As for the thermal response,
Figures 1V.10b and 11b show a clear decrease in terms of maximum temperature
when using Cu and CNT compared to Ni bars (Figure.9b). This solves the problems
of unwanted RESET in layer #4 but not in layer #2, where the temperature still
higher than the critical value is about 729 K and 771 K respectively for Cu and CNT.
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To summarize, in this conventional reference structure, the heat generation
induced by the active layers can change the state of the victim RRAM cells, as an

effect of thermal crosstalk, which leads to unwanted RESET operations.
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Figure 1V-11 Reverse architecture with Ni wires at the steady state: a) electrical potential
distribution; b) temperature distribution
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Figure IV-12 Reverse architecture with Cu wires at the steady state: a) electrical potential distribution;
b) temperature distribution.

The same kind of analysis has been carried out on the two alternative
architectures depicted in Figure IV.1. To compare the performance in the same
conditions, we assume here again a biasing condition leading to two active layers and
two passive ones. Note that in the reverse architecture (Figure 1V.1a), in order to
switch two layers, it is sufficient to apply the bias to only one WL. In other words,
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the first main advantage of this solution is the possibility to double the number of
cells that can be driven by a single biased interconnect layer. Given this
consideration, now the active layers are #1 and #2, and the passive ones are #3 and
#4.

The electrical potential and the temperature distributions of the 1D1R-1R1D
reverse architecture are given in Figures 1V.11,12, and 13 for Ni, Cu, and CNT bars,
respectively. In the case of Ni bars, the voltage drop requires the application of
minimum bias voltage of 1.2V at both sides of the WL, as shown in Table 1V.4.
Instead, the use of Cu and CNT in this reverse structure has advantages in terms of
bias, since it can be applied from one WL side only, with a lower level (0.9V and 1V
respectively), then improving the energy efficiency with respect to the Ni case, see
Table 1V.4. As for the thermal distributions in Figures IV. 12b and 13b, once again
the use of Cu and CNT reduces the temperature inside the structure, and in particular
inside the cells of the passive layers. As for the reference case, it is evident that the
steady-state temperature rise follows the increase of the voltage level. The high
voltage level required on the Ni wires reduces the energy efficiency and increases the
Joule power dissipated into the conductors, leading to unwanted RESET switching.
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Figure 1V-13 Reverse architecture with CNT wires at the steady state: a) electrical potential
distribution; b) temperature distribution.
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Table IV.5 clearly shows that the reverse architecture with Ni still has thermal
crosstalk problems (cells of layer #3), whereas they are completely solved with the
Cu and CNT bars.

The second architecture proposed here is the complementary one (CRS), see
Figure 1V.1d, presented in the introduction, where two anti-serial memristive
elements share a common electrode. When the voltage is applied to the WL of the
upper cell and to the ground of the BL of the lower one, both cells are activated. This
offers an interesting perspective for solving the problem of the sneak path, without
the introduction of any selector element, like the diode seen in the cells so far
studied. The CRS cell presents a high overall resistance once, storing bit data, it

effectively limits the leakage current in crossbar structures.
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Figure IV-14 CRS architecture with Ni wires at the steady state: a) electrical potential distribution;
b) temperature distribution.

The results obtained for such a structure are given in Figures 1V.14, 15, and 16,
for Ni, Cu, and CNT bars, respectively. Note that the active layers and the passive
ones are the same as with the reverse structure.

Table 1V.4 shows that for the three materials a bias level of 1.3V (for Ni), 0.8 V
(for Cu and CNT) is enough to guarantee the switching level to the cells. The results
of the thermal analysis are plotted in Figures 1VV.14b, 15b, and 16b reported in Table

IV.5 provide a similar outcome as for the reverse structure, with a thermal crosstalk
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problem only partially solved for the Ni case (cells in layer #3 have still unwanted
RESET) and completely solved for the Cu and the CNT cases.
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Figure IV-16 CRS architecture with Cu wires at the steady state: a) electrical potential distribution;
b) temperature distribution.
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Figure IV-15 CRS architecture with CNT wires at the steady state: a) electrical potential
distribution; b) temperature distribution.

From the thermal distribution seen in Figures 1V.15b and 16b we note that the
maximum temperature decreases compared to the conventional structure (Table

IV.5), following the decrease of the applied bias. However, when compared with the
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1D1R-1R1D integration (Figures 1V.11,12 and 13) we took attention that this
maximum is declined to a value less than the critical temperature in the two victim
layers (about 430K) and then can serve to limit the effect of thermal crosstalk

problems. Furthermore, we can confirm this through the results in Table 1V.5 for
the maximum temperature for each layer.

Finally, it can be pointed out that the residual thermal crosstalk issue that is found
in the two proposed architectures can be solved in an alternative way, without
replacing the Ni bars with the Cu and CNT.

Table 1V-4 Voltage levels (v) across the CF of the cells along a bar, for all the considered cases.

Structures Conventional Reverse CRS
Bias 1.4V 1.2V both sides 1.3V

Celll 0.80 0.73 1.02

Ni Cell2 0.79 0.71 0.89
Cell3 0.76 0.71 0.81

Cell4 0.70 0.70 0.75

Bias 09V 0.9v 0.8V

Celll 0.75 0.72 0.79

Cu Cell2 0.76 0.73 0.79
Cell3 0.76 0.73 0.79

Cell4 0.74 0.72 0.78

Bias 1V v 0.8V

Celll 0.81 0.74 0.72

CNT Cell2 0.83 0.75 0.72
Cell3 0.83 0.75 0.72

Cell4 0.81 0.74 0.72

From the horizontal perspective, thermal crosstalk becomes more severe in
the 1D1R-1R1D structure because it contains more active cells connecting to the
same WL. For this purpose, the 1D1R-1R1D structure is polarized from a single WL
in the vertical direction, but only two WLs are polarized in the horizontal direction.
This means that the first and third cells are polarized and that the second and fourth
cells are unpolarized (as seen in Figures 1V.17,18 and 19 for the three cases of
interconnections). The second victim cell is surrounded by four active cells of the
two layers. Figure 13a shows the thermal distribution for the Ni wires, where the
thermal crosstalk comes from the neighboring cells in the horizontal direction that

can affect the victim cells.
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For Cu and CNT, we notice from the thermal behavior of FigureslV18 and 19
and the values mentioned in Table 1V.6 that the effect of thermal crosstalk is
decreased and the value through the victim cell is approximately 521.91K (for Cu)
and 526.03K (for CNT). The temperature rise values with Cu and CNT are below the
critical temperature and this confirms that the use of these wires can solve thermal
integrity problems.

Table 1V-5 Maximum temperature (k) of the CFs for all the considered cases.

nventional R

Layer state CoStrScttu?ea Reverse Structure Strcuctsu re

Bias 1.4V 1.2V both sides 1.3V
Layer #1 802.81 675.76 685.29
Ni Layer #2 972.74 757.22 737.11
Layer #3 960.04 592.01 573.10
Layer #4 581.00 488.30 487.91

Bias 09V 0.9v 0.8V
Layer #1 619.21 571.59 569.70
Cu Layer #2 729.12 626.35 591.76
Layer #3 728.47 510.23 489.39
Layer #4 489.48 430.00 431.63

Bias 1V v 0.8v
Layer #1 639.61 593.82 562.93
CNT Layer #2 771.22 657.39 588.26
Layer #3 732.52 528.69 484.13
Layer #4 493.41 440.24 428.06

On the other hand, the fourth victim cell is located at the last extremity of the
crossbar and it is affected only on one side of neighboring cells. The values in Table
V justify that the effect of thermal crosstalk is attenuated and resolved for the three
cases of interconnections with respect to the critical temperature.

Indeed, the crosstalk can be mitigated by following the classical rule of
widening the cell separation. Let us for instance refer to the reverse 1D1R-1R1D
architecture, considering only one layer (layer #1) and assuming that only cells 1 and
3 are biased, whereas 2 and 4 are passive. In the previous cases, the horizontal
distance between the cells has been assumed to be equal to 2F, being F the size of the
feature cell. Table 1V.6 shows the decrease of the temperature obtained in the two

passive cells, by increasing the cell separation, for Ni, Cu, and CNT interconnects. A
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significant decrease in thermal crosstalk is noted when the active cells are spaced
away from the victim cells, so that this issue can be completely solved with a proper
increase of spacing. Of course, this solution avoids the change of the bar material,
but decreases the density of memory for a given volume.

Table 1V-6 Maximum Temperature (K) in the two victim cells of the first layer of the 1D1R-1R1D
structure for different cell spacing.

Layer #1 2" victim cell 4™ victim cell

Ni (2 F) 596.79 K 539.12 K
Ni (2.25F) 576.37 K 530.12 K

Cu(2F) 52191 K 487.72 K
Cu(2.25F) 501.78 K 47378 K

This study demonstrates the possibility of mitigating or even solving some of the
major electrothermal issues suffered by 3D stacked arrays of 1D-1R RRAMs. Two
novel architectures are proposed to stack these memories, one based on a reverse
arrangement (reverse) and the other one based on a complementary structure (CRS).
Both of them are shown to optimize the bias management, whereas the latter one
(CRS) provides the additional benefit to avoid the use of diodes. A comparative

analysis has been carried out with reference to the RESET process. Compared to the
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Figure 1V-17 Horizontal Thermal crosstalk of the 4x4x4 1D1R-1R1D array with Ni wires at the
steady state: a) temperature distribution; b) electrical potential distribution.
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reference architecture, both of the novel architectures are able to drive the RESET

with almost the same values of the bias voltage. This level can be strongly reduced if

the electrical interconnects of the array are realized with copper and carbon

nanotubes instead of nickel. Indeed, this is a way to solve the problem of the

significant voltage drop along the interconnects introduced by the high resistivity of

Ni wires.
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Figure 1V-18 Horizontal Thermal crosstalk of the 4x4x4 1D1R-1R1D array with CNT wires at the
steady state: a) temperature distribution; b) electrical potential distribution.
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Figure 1V-19 Horizontal Thermal crosstalk of the 4x4x4 1D1R-1R1D array with Cu wires at the
steady state: a) temperature distribution; b) electrical potential distribution.
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The new architectures are also demonstrated to strongly mitigate or even solve the
problem of the unwanted RESET switching associated with the thermal crosstalk
between adjacent cells. Indeed, once moving to these architectures, this problem can
be solved by replacing Ni wires with Cu and CNT, or by increasing the spacing

between cells.

Table V-7 Maximum Temperature (K) of the Conducting Filaments in the first layer of the 1D1R-
1R1D structure.

Layer #1 2" victim cell 4™ victim cell
Ni 596.79 K 539.12 K
Cu 52191 K 487.72 K

CNT 526.03 K 491.09 K

IV.4 Conclusions

e This chapter demonstrates the possibility of mitigating or even solving the
major electrothermal issues suffered by 3D stacked arrays of 1D-1R
RRAMs.

e Two novel architectures are proposed to stack these memories, one based
on a reverse arrangement (reverse) and the other one based on a
complementary structure (CRS). Both of them are shown to optimize the
bias management where the minimum bias that can be used is 0.8V,
whereas the latter one (CRS) provides the additional benefit to avoid the
use of diodes.

e A validation analysis has been carried out with reference to the RESET
process for the conductive filament with the conventional and the
improved model.

e Compared to the reference architecture, both of the novel architectures are
able to drive the RESET with almost the same values of the bias voltage.

e The level of bias has been strongly reduced when the electrical
interconnects of the array are realized with Cu and CNT instead of Ni
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(0.9V and 0.8V) and this solves the problem of the significant voltage drop
along the interconnects introduced by the high resistivity of Ni wires.

e The new architectures are also demonstrated to strongly mitigate or even
solve the problem of the unwanted RESET switching associated with the
thermal crosstalk between adjacent cells.

e With these architectures, the thermal crosstalk problem can be solved by
replacing Ni wires with Cu and CNT, or by increasing the spacing

between cells.
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Chapter V : Electrothermal
Analysis of a Graphene-Based

Thermistor
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Introduction

The excellent and exceptional electrothermal behavior of new graphene-based
nanomaterials is one of the most fascinating properties studied in recent decades.
Hence, the graphene-related materials are widely proposed in several applications
where the thermal effects are presented an issue. For instance, on-chip and on-
package interconnects (Morris,2018; To.Sanial,2016) thermal interface materials
(Shahil,2012), heaters (Wang,2017; Smovzh,2020), and temperature sensors
(Koskinen,2020). In fact, these multifunctional materials with several properties such
as good electrical and thermal conductivity and low thermal inertia make it possible
to provide heaters or thermal sensors with a light weigth, good processibility and
rapid thermal response. The characteristics that make these materials so interesting
for the above applications are the precise control of the effect of temperature on
electrical parameters, such as resistivity. Indeed, Carbon-based materials can provide
resistivity with a near-zero or even negative derivative relative to temperature
variation, where the materials refer to the zero temperature coefficient effect (ZTC),
their resistance does not change with the increase in temperature (Chu,2015). In
addition, several materials used for such applications may have the effect of positive
temperature coefficient (PTC) means an increase in resistance with increasing
temperature while others with negative temperature coefficient (NTC) effect mean
the decrease in resistance with an increase in temperature (Boom,2016;
Maffucci,2017; Kumar,2019). These features offer the possibility to use these
materials in applications where the pattern and weight present the main constraints,
such as airborne de-icing systems based on the Joule heating effect (Karim,2018).

When it comes to the ideal, high-quality graphene-related materials, such as mono
or few layers graphene sheets, single or multi-walled carbon nanotubes (CNT),
where the temperature-dependent electrical resistivity is derived by validated
analytical or semi-analytical models, still available in the literature (Tan,2007;
Chiariello,2010; Mariani,2010). Although they are of great scientific interest, they
are not very attractive for industrial applications, given their high manufacturing
costs associated with the degree of control required during their manufacturing
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processes and the limited yields of such processes. Instead, in the direction of
industrial applications of graphene technology, the attention is rather focused on low-
cost alternatives, such as nanocomposites (graphene-related composite materials).
The temperature-dependent resistivity of graphene nanocomposite (Han,2019;
Mohiuddin,2011), or epoxy/CNT composites have been proposed as heating
elements or as temperature sensors (Neitzert,2010).

Among the latest low-cost versions of graphene, the so-called Graphene
Nanoplatelets (GNPs), is composed of irregular flakes of few-layers graphene
(Young,2012). These GNPs given the possibility of manufacturing by means of high-
yield industrially scalable techniques such as ball-milling (Young,2012) or wet-jet
milling (Castillo,2018), or microwave irradiation (Dabrowska,2014; Maffucci,2016).
Indeed, GNPs present a good compromise between physical properties, large-scale
production, and reasonable costs (Kovtun,2019) compared to other low-cost
graphene-based materials. Thus, the electrical and thermal properties of graphene or
related materials such as carbon nanotubes have recently been studied in many
factory applications according to the sensitivity of their electrical properties to the
external environment, such as electrochemical sensors (Kumar,2020), gas sensors
(Al.Hartomy,2019), piezoresistive  sensors  (Luo,2013), pollution filters
(Ferrigno,2019), multifunctional sensors (Huang,2019), and thermo-electric
applications (Karim,2018; Prolongo,2016; Jiang,2017).

In view of these applications, the electrical, thermal and mechanical properties of
the GNP-related materials have been investigated in several extensive studies. This
chapter is focused on the study of the electrical resistivity of such materials, with
specific emphasis on the effect of temperature. These GNPs materials are
characterized by a very high weight fraction (wt%), from 70 wt% (GNPs +
polymers) to 100 wt% (pure GNPs). To our knowledge, few reports are available to
date to address this issue. Indeed, in almost all references cited, the GNPs fraction is
much smaller, less than 5% by weight. The study given in (Jen,2019) of electrical
and thermal stability is linked to a composite reinforced by hybrid fillers made by
GNP and CNT at different ratios. However, the total weight of the filler is very
small. On the other hand, the analysis of the hybrid GNP/CNT composite with
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different GNP fractions is provided in (Huang,2019), up to 50wt%. Where in the
same reference, the temperature-dependent resistivity model is performed with the
detection of the NTC behavior in a large temperature range. However, in this study,
the GNP is mixed with another conductive material (CNT), so it is impossible to
extrapolate only the resistivity of the GNP. This analysis can be carried out in a few
works as was done in (Tiran,2014). It has been shown that this material has a PTC
effect and a large linear response adapted to temperature detection. A thorough study
of the electrical and thermal properties given in (Wu,2012) is provided on GNP films
comparable to those studied in this chapter. However, electrical conductivity is only
evaluated at a fixed temperature. To this end, the chapter aims to provide and
validate an analytical model identifying the temperature dependence of the electrical
resistivity of the strips made by GNPs only or by composites with a very small

percentage of binders and a very high concentration of GNP (> 70 % by weight).

V.1 A Graphene Nanoplatelets strip as a thermistor

The graphene strips considered in this work are industrial materials manufactured
by Nanesa (Nanesa, n.d.), where the sheets are freestanding paper based on highly
oriented nanoscale GNPs with a high percentage of the reinforcement phase of about
70%. The fabrication process of GNPs is summarized in Figure 1V.1 and is based on

the 3 main phases.

Thermal expansion Liquid exfoliation

in muffle furnace
Graphite Intercalated Worm-like Expanded

Compound Graphite

=3

GNPs
suspension

WEGs + Acetone

S
W y

Figure V-1 Diagram of the GNP manufacturing process (Bellagamba.2020).
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The first step is to prepare the sample by putting the expandable graphite flakes
inside the metal melting pot. Next, the second step is represented in the thermal
expansion where the graphite Graphite intercalated compounds (GIC) is placed
inside a muffle furnace at 1150 °C for 5 s to perform the expansion and this
treatment can increase the volume of GIC up to 200 times and form the “worm-like”
expanded graphite (WEG). The last main step is the liquid exfoliation of the WEG,
where these particles are dispersed in an acetone solvent and mixed with the polymer
binder. Then
this mixture is sprayed at a controlled pressure by using a semiautomatic 3-axes
pantograph, thus obtaining CNPs after calendering phase to attain a compact sheet
and improve the thickness/alignment ratio.

Table V-1 The Graphene Strips.

GNPs Binder . Width Length
Material 0 Thickness (um)
(%) (type) (mm) (mm)
G-Paper 100 55 10 100
G-PREG
olyurethane 75 10 100
(95/5) 95 poly!
G-PREG
olyurethane 75 10 100
(80/20) 80 POty

Figure 1V.2 shows the Scanning Electron Microscope (SEM) picture of single
GNP flakes, with the average thickness of about 14 nm and the average lateral
dimension of about 30-40 um. The dimensions and special shapes of these particles
make them more efficient in transmitting a barrier property. on the other hand, the
structure of GNP makes them excellent thermal and electrical conductors.

Following the previous fabrication steps, three types of graphene materials are
considered in this chapter with different percentages of GNPs and polymeric binders.
The first material consists of pure GNPs, hereafter referred to as G-Paper. The other
two materials are designated as G-Preg 95/5 and G-Preg 80/20, based on the mixture
between GNPs and binders at low concentration (Table IV.1). The choice of these
materials is based on several characteristics: G-Paper has the best thermal and
electrical properties and G-Preg is mechanically stable and has good interaction with

other polymers. The dimensions of graphene strips are given in Table IV.1.
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Figure V-2 Microscope pictures of GNPs: SEM image of a single graphene flake (the scale is 2
pm).

The GNP papers are cut into small strips measuring 10mm x 180mm. To this end,
an appropriate test map based on FR4 has been carried out, as shown in Figure 1V.3,
with two amperometric electrodes and several voltmetric electrodes of different
positions. The strip is placed on the printed circuit board by touching the two gold-
coated copper terminal electrodes to reduce the contact resistance and is secured by a
plastic frame. This later may close the strip in a sandwich structure that has been

mechanically tightened with screws.
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Figure V-3 Experimental characterization of the electrical resistance of the GNP strips: test-board
(bottom), and fixing frame (top).

V.2 Electrothermal model of the GNP thermistor

To modulate the electrical resistivity, the experimental results of the measured
resistance are compared to the results obtained from the numerical simulations. To
do this, a 3D electrothermal model was developed in Comsol Multiphysics (Comsol-
multiphysics,n.d.), coupling the electrical and the thermal problems. Figure 1V.4,
shows the equivalent model of the text board with GNP strips, where the solutions of
this electrothermal model are given by coupling the Fourier heat flow equation to the
Poisson electrical equation as demenstrated in chapter I11.

The numerical solution of the model was augmented with proper electrical and
thermal boundary conditions and implemented by means of a finite-element

approach based on the use of adaptive tethraedons mesh.
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Figure V-4 The electrothermal CAD model developed in COMSOL Multiphysics.

Furthermore, homogeneous Dirichlet conditions were imposed on one electrode
while a known current density was imposed on the other one.

In the following section, the equivalent homogeneous resistivity p.,will be
determinated for the whole GNP strip, which does not depend on the position vector
r. However, the electrical resistivity should be modeled as a tensor, that is to say the

diagonal matrix:

p(T) = diag[pxx(T), pyy (T), p2z(T)] (V.7)

Considering the in-plane isotropic of the material, with the in-plane components are
almost equal (px = py, = p))), but with the perpedicular component p, is usually
at least one order of magnitude lower (Ferrigno,2019). Instead, in our case the
vertical component current imposed on the electrodes is negligible, thus the tensor
(IV.7) can be replaced by the scalar function p.,(T) = p;(T) without introducing
significant errors.

Finally, the isotropic of the in-plane resistivity was verified by measuring the
resistance of the G paper strips at room temperature: the values of the two orthogonal

directions for the current were less than 1%.
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V.3 Experimental characterization of the GNP thermistor

V.3.1 Set-up assessment and preliminary characterization

The measurements of the electrical resistance of the GNP strips is obtained

through :
(Iv.8)

Where , 1, is the measured voltage across the voltmetric electrodes corresponding to
the current imposed on the amperometric electrodes I, as shown in Figure IV.3.

These preliminary measurements are made at room temperature with two 6 %
digit multimeters: Agilent 34401A (for current) and Keithley 2700 (for voltage), with
the current source, is the QJE QJ-3005 DC power supply, further for AC tests, the
test board is attached to an impedance meter, GWINSTEK LCR-8110G. Thus, to
remove contributions from the setup (connectors and cables) and the contact
resistance of the electrodes, proper calibration is required and this is why the two
voltmetric electrodes are used in different positions. After the electrothermal
behavior was carried out by placing the test boards with strips in the climate chamber
ACS DY110 (Figure IV.5) and the electrical resistance was measured with a wide
temperature range [-40, +60] °C. To do this the first step is to stabilize the chamber
at the specific temperature value so that its distribution on the test device is uniform
in a satisfactory manner, and the next step is the resistance measurement.

In the DC state with the use of the 4-probe technique, the measured resistance
(IV.8) may be presented by two terms associated with the contact resistance between
the graphene band and the copper electrodes and also taking into account the
resulting contact resistance at the interface between the bands and the voltmetric
electrodes. To do this, the expression of Rm is modeled as the resistance of the
graphene interconnect (To. Sanial,2016; Maffucci,2017):

Ru(T) = Re(T) +7(T)L, (V.9)
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Figure V-5 The climatic chamber (ACS DY110) hosting the test-board and the strips with the external
measurement circuit.

Here r presents the resistance per unit length of the graphene strip and is also called
intrinsic resistance, Ly is the distance between two pairs of voltmetric probes and the
R is the contact resistance. R represents the equivalent term of the local voltage
drop

taken into account due to the mismatch between the strips of different materials
(Wilhite,2014). Thus, for the nanoscale interconnects, R, may has a high value to
become the principal contribution to the resistance. In fact, also in the ideal case of
the perfect contacts, R; resistance has a minimum value of about 6.45 kQ per
conducting channel (To.Sanial,2016). Nevertheless, given the dimensions of the
bands considered in these measurements, the contact resistance is expected to be
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negligible, due to the large number of conductive parallel channels associated with
graphene interconnect of such widths. In order to verify this assumption, different
experimental Rm values were mesured at room temperature by changing the
voltmetric probes over four different distances Ly: 40, 60, 100, and 140 mm (Figure
IV.6) of the the graphene strip (G-preg 95/5) and this made it possible to measure 4
different values of voltage and R can be estimated by the measuring R, since it

does not depend on the L,,.

Figure V-6 The CAD model based on G-Preg (95/5) strip with different voltmetric probes.

For this experiment, we consider at each measuring position the same contact
materials and the same applied contact pressure as well as for surface finishing and
the geometry of the contact materials is almost the same, so at a given temperature,

(1V.9) may be expressed as follows:

R, = %’“ ‘L, +R, (V.10)

By applying the Generalised Least Squares algorithm (Carotenuto,2005), we can
estimate the values of p,,/S and R, as shown in Table IV.2, for each length, we
have the corresponding mesured values R,,. As previously expected, the value of
R, which is in the order of a few mQ could be negligible compared the total value of

R,,,, which is of the order of Q.
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Table V-2 Estimated values at room temperature of the contact resistance term in Rm (9).

Measured data Estimated values
L(m) Rn @ P/ (@) @
4.0-107 1.524
6.0-1072 2.309
1.0-10t 3.830 38.26 12.11-10°®
1.4.10* 5.370

Based on the above considerations, the preliminary characterization was

performed by changing the position of the Lv, voltmetric electrodes as shown in
Table IV.2. The resulting values of the Rm measure allowed us to estimate the
contact resistance as RC =12 m, so it will be negligible. For these tests, the values
of the current used to characterize the bands and measure the resistance are of the
order of 10 mA. Instead, the linear characteristic V-1 was checked in the range of [0-
1] A, in order to achieve the current levels necessary to provide a joule heating effect
to the experimental tests. Figure IV.7 shows the V-I response for the three graphene
materials at room temperature.
The first experiment was based on the G-Preg band (95/5) with a dimension of width
and length of 7x180mm respectively (Figure 1V.6). The results mentioned in Table
IV.3 are derived by implementing the electrical resistivity corresponding to the
measured resistance in the numerical model, then the numerical resistance for each
voltmetric probes is resulting from the simulation. It should be noted that the
electrical resistivity values are almost the same for different experimental resistances
so that the electrical resistivity model is stable for different probe positions since it is
independent of the length of the strip.

The maximum relative error when comparing the experimental resistance and the
numerical one is about 2.093% for the strip length 40 mm and the minimum error is
about 0.8% for 100 mm as mentioned in the Table IV.3.

The same results are obtained within the second test for the same GNP strip (G-Preg
95/5) but with different strip’s width and length (11x180 mm). For this analysis the

electrical resistivity values are increased compared to the first test and this increase is
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following the decrease of the experimental resistance since the width strip is higher
than the one in the first test.

Furthermore, the stability of the model is still exist as showed in Table IV.4. As
mentioned for the first test, almost the same percentages in change of the relative
error were obtained due to the stability of our model. Ultimately, the main purpose of
using different probe positions is to be able to estimate the contact resistance, as it
does not depend on the length of the strip.

Table V-3 Numerical resistance against experimental resistance for different voltmetric positions for
7x180 mm G-Preg size.

TECHNIQUE R[Q] R [Q] Relative Error
(7x180 mm) L [mm] Experimental p [m] Numerical %
4 Probes 140 4.986 18.70-10° 4.930 1123
4 Probes 100 3.553 18.65-10°% 3.525 0.774
4 Probes 60 2.167 18.96.10° 2.132 1.592
4 Probes 40 1.381 18.12-10° 1.352 2.093

Table V-4 Numerical resistance against experimental resistance for different voltmetric positions

for 11x180 mm G-Preg size.

Ifl?(?&g\(l)l (r%Lr:g L [mm] Explsri[r?gntal p [m] Nuljn[egrzi]cal Fé?:gtri\ol/i
4 Probes 140 3.3633 19.82.10°® 3.325 1.139
4 Probes 100 2.3902 19.72-10° 2.372 0.761
4 Probes 60 1.4376 19.77.10°® 1.415 1.572
4 Probes 40 0.9581 19.76.10°® 0.938 2.098
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Figure V-7 Linear V-I characteristic at room temperature, for: (a) G-paper; (b) G-Preg 95/5; (c)
G-Preg 80/20. Red dots: experimental data. Blue line: linear interpolation.
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The numerical simulations were carried out for 3D CAD model analyses with
COMSOL software, by an adaptive tetrahedral mesh. Several sizes of mesh elements
are simulated and taken into account as shown in Table IV.5 in order to reach the
stability of the model and to ensure the good convergence during the simulation. The
purpose of the mesh sensitivity study is to determine a compromise between the
accuracy of the results and the computation time of the simulation, so that to obtain
recommendations on the optimal mesh. Table V.5 shows that the numerical
resistance increases with respect to the increase of the number of the element (from
the Fine to Finer mesh) and the then reaches a value of stability. For the Fine mesh
with 82030 domain elements, the numerical resistance is not so consisting with
experimental one, where the difference is about 10%. With the increase of the
number the element in Finer mesh (176412 domain elements), the error between the
numerical and measurement resistance decreases of about 9.6% to 0.718% for the
case of 100mm and then good agreement is achieved. That clearly proves that
convergence is indeed reached and that the finer mesh is the most adequate for this
computation, that allowed to estimate the numerical uncertainty introduced by this

mesh to be in the order of 0.03%.

Table V-5 Numerical resistance against experimental resistance for different voltmetric positions for
7x180 mm G-Preg size with mesh estimation.

R[] RIQ] RIQ]
TECHNIQUE | L [mm] RIQ] o[om]  |Numerical (Fine| Numerical | Numerical
Experimental (Finer (Extra Finer
mesh)
mesh) mesh)
4 Probes 140 4.986 18.70.10°® 4.492 4.930 4.932
4 Probes 100 3.5525 18.65-10° 3.212 3.525 3.527
4 Probes 60 2.1665 18.96-10° 1.943 2.132 2.133
4 Probes 40 1.3809 18.12-10°® 1.232 1.352 1.355

113




Chapter V

V.3.2 Electrothermal characterization and parameter estimation

The electrothermal characterization of the GNP strips of the three materials is
performed by placing the test boards inside the climatic chamber (Figure 1V.5) and
cycling the temperature in the range [-40,60] °C, then measuring the electrical
resistance for each sample with a current value is about 1 mA. In our experiment,
steady-state results were recorded at temperatures of 20°C and the dimensions of the
strips considered are 10x100 mm of width and length respectively. After the climate
chamber was stabilized, resistance was measured at each temperature value for all
GNP bands, as shown in Figure IV.8. These results show the typical negative
temperature coefficient (NTC) characteristic of resistance for each material, where
resistance values decrease with temperature. Furthermore, in this temperature cycle
the responses are almost linear, and it is noted that the resistance value increases in
relation to the increase in the percentage of binder in the bands. Figure 1VV.8 shows
the cycle with the increasing temperatures and the cycle for the decreasing

temperatures for all materials.

The way to obtain a negative temperature coefficient of the resistance with
graphene-bound materials has been already discussed, for example in graphene-
polymer composites (Zhao,2017), in graphene oxide (Morris,2018), instance in
hybrid GNP/CNT composites (Huang,2019), and in carbon-nanotube interconnects
(To.Sanial,2016). More recently, in (Kumar,2019), the same behavior was
considered for graphene papers similar to those used in our experiment, treating with
graphene resistor deposited on a paper support, using graphene ink and a bar coating
film.

To explain the NTC behavior, there are two physical mechanisms. The first is
based on the electrical conduction along the single graphene straw: the conduction in
the interconnection based on graphene is modulated by the effective number of
conductive channels, M, which depends on the size, temperature and chirality (To.
Sanial,2016; Forestiere,2010).
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For the carbon nanotubes (Forestiere,2011), the function M(T) is increase with
respect to the temperature T as well as for graphene ribbons in (Maffucci,2013). For
these nanocarbon lines, the distributed term in (IV.9) can be formulated as follows
(Tiran,2014; Maffucci,2017):

To

() = My

(V.11)

Here, ry is a constant value, and 1, is the mean free path, that is a decreasing
function of T. Practically, the possibility of obtaining a negative derivative of r(T) in
relation to T comes from the counteracting actions of M and 1.

The second mechanism is based on the conduction between two neighbouring
GNPs. In fact, the graphene strips used in our expriment are made by pressed GNPs
flakes and not by pure graphene sheets. Then, the electron transport pattern at the
interfaces between two adjacent flakes implies hopping and tunneling effects. The
NTC behavior can be justified within the theory of the Variable Range Hopping
(VRH) as shown in (Zhao,2017), where the considered case-studies provides a

resistivity that decreases with temperature, being proportional to 1/T ¥4,

V.4 Modelling the equivalent electrical resistivity

The measured electrical resistance values are given the following series of Tables
IV 6-8, for all the materials during the temperature cycle [-40,60] after the
stabilization of the climatic chamber, since the heat in this case is produced by the
chamber whereas, in the first experiment, the heat is generated by the joule effect due
to the high current value of about 1A.

The numerical resistance made by Comsol multiphysics based on the numerical
model, with the use of the adapted finer mesh are also given in the same tables IV6-
8. These results are comparing with the experimental results for the strips of 10x100
mm of dimensions, in order to get a good rapport between the measurement and the
numerical model. For the G-paper, the relative error between the experimental
resistance and the numerical one is about 1.9% during all the temperature cycle.
However, for the G-preg (95/5) and G-preg (80/20), the relative error is in the
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average of 0.6% of difference, thus an excellent agreement between the experimental

and the numerical resistance was obtained.

Table V-6 Average values of the numerical resistance against experimental resistance during the
temperature cycle [-40; +60°C] for 10x100 mm G-Paper size.

e X ol [ T P
-40 1.3677 8.6753.10°° 1.3406 1.981
-20 1.3120 8.3215.10°¢ 1.2859 1.989
0 1.2690 8.0493.10°® 1.2438 1.986
20 1.2355 7.8367.10°¢ 1.2110 1.983
40 1.2015 7.6212.10°® 1.1776 1.989
60 1.1691 7.4154.10¢ 1.1459 1.984

Table V-7 Average values of the numerical resistance against experimental resistance during the
temperature cycle [-40; +60°C] for 10x100 mm G-Preg 95/5 size.

-40 4.0728 4.3637.10° 4.0459 0.66
0 3.9486 4.2306.10° 3.9224 0.664
20 3.8884 4.1661.10° 3.8627 0.661
60 3.7446 4.0121.10° 3.7199 0.66

The measured values of the electrical resistance obtained from our experimental
results were used together with those provided by Comsol multiphysics simulations

based on a numerical model, to determine an equivalent resistivity for each graphene
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material, in analytical form and able to take the temperature dependence into

account.

Table V-8 Average values of the numerical resistance against experimental resistance during the
temperature cycle [-40; +60°C] for 10x100 mm G-Preg 80/20 size.

T°C Ezﬁzfi/rie[ﬁgll p_95/5 [Qm] l?\l_ugni/esriggl] Relative Error %
-40 1.9294 2.0672.10° 1.9166 0.663

0 1.8361 1.9673.10° 1.8240 0.659

20 1.7937 1.9218.10° 1.7818 0.663

60 1.7119 1.8342.10° 1.7006 0.66

Indeed, the mean value of the measured resistance is taken for each temperature
value T; of the considered range and indicated in the following as R,,(T;). Then, the
numerical model is used to estimate the simulated values of the electrical resistance
at the same temperature, R,(T;). As mentioned earlier in the numerical model that
the graphene strip is described by a conductor and has a homogeneous equivalent
resistivity, p.q(T;x). The value of p.,(T;) is defined by taking as the one that

minimizes the Mean Square Error (MSE) between R,,, and R, mentioned as :

(V.12)

MSE(pegn) = Jzn (Rm(Ti)—Rs(peq,k,Ti))2

Here n presents the number of samples dedicated for the numerical simulation. For
instance, Figure 1VV.9 shows this procedure for the G-paper at T=20°C. Thus, after
getting the equivalent homogeneous resistivity p.,, we can compare the simulated
resistance, R, derived by implemented this value in the full numerical model, to the
analytical approximation, R; 4, derived by considering the graphene strip as an ohmic

conductor:
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Ry ="2.1, (IV.13)

The maximum relative error between these two estimations was found to be below
0.6%.

0 | | | |
7.7 78 79 8 8.1 8.2 8.3

Resistivity [um]

Figure V-9 The equivalent resistivity model corresponds to the minimum Mean Square Error
function (1V.12) for G-paper at 20°C.

Thus, the analytical model of resistivity is approached by means of the same
linear law usually adopted to define the behavior of conventional conductors such as
copper (Chiariello,2010; Steinhdgl,2005):

Peq(T) = po(1 + (T —Tp)) (V.14)

Where T, is the reference temperature, py = p.q(T =Tp) and « is the resistance
coefficient and defined as Temperature Coefficient of the Resistance (TCR)

computed at T, since it is:

1dR
TCR(TO) = Ed—T . = (V15)
=lo
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and this assumed the relation between the resistivity and the resistance as mentioned in
(V.13).

The model coefficients used for the case studied GNP materials and for the copper
are listed in Table IV.9, where the equivalent resistivity values obtained conform to
the values adopted in literature for similar materials and with the room temperature
electrical conductivity of GNP papers at percentage. In addition, the values obtained
for the equivalent resistivity p, is in the range from 12.5 to 40 pQm, and in the same
order as the values given in Table V.9.

Table V-9 Fitting parameters at TO= 20 °C, for the linear model of the resistivity in (1VV.11), for the
GNP Strips and Copper.

Material Po(nQm) a (1/°C)
Cu 1.68.107? 3.90.10°3
G-paper 7.86 -1.55-10°%
G-Preg (95/5) 19.32 -1.31.10°
G-Preg (80/20) 4157 -0.837.10°

Figure V.10 shows the results for all the GNP materials analyzed in this work,
where the linear dependence with the temperature is illustrated with a negative

coefficient of the resistance, and the experimental values are mentioned as red dots.
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Figure VV-10 Equivalent resistivity vs temperature of the three graphene materials: (a) G-paper; (b)
G-Preg (95/5); (c) G-Preg (80/20). Experimental values (red dots) and simulated ones (blue line).
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V.5 Validation of the thermistor model: GNP strip as heating element

In the previous section, the simulations results were compared with the

experimental ones to provide the analytical model of the equivalent homogeneous
resistivity p.,(T). In order to validate these results, such a resistivity model was used
in (IV.4) to predict the behavior of the graphene strips when working as heating
elements, by the Joule effect.
To do this, the test-board reported in Figure 1V.2 was put into a hollow box made of
polystyrene and by a blackened aluminum cylinder, to guarantee thermal insulation
from the environment. A thermal (IR) camera was placed on the top of the box with
three thermocouples were used to measure the temperature distributions. Therma-
CAM S40 was used, with an image resolution of 320x240 pixels, sensitivity 0.08 °C,
and a maximum acquisition frame rate of 50 Hz as showed in Figure V.11(a). A high
current value was imposed for this experiment, enough to derive a significant Joule
effect, able to increase the maximum temperature along the strip of at least 10°C with
respect to the environmental temperature. This current is made by the power supply
QJE QJ-3005A and the multimeters Agilent 34401A and Keithley 2700 were used to
check the imposed value of the current and to measure the resulting voltage.

For the G-paper, the current value required to provide this result was equal to or
greater than 0.7A. Thus, the resistivity model is still valid since this current value
falls within the range of linearity of the V-I response (see Figure V.7).

Figure V.11(b) shows the temperature distribution of paper, measured by the
thermo-camera when the steady-state is reached. Indeed, the highest temperature is at
the center of the strip and this is reasonable given the large dimensions of the

terminal copper electrodes, which act as cooling fins.
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(b)

Figure V-11 Setup for the Joule heating characterization: (a) picture of the setup with side view and
(inset) top view. Equipment used here: Therma-CAM S40. (b) Distribution inside the hollow
polystyrene cylinder of the steady-state temperature, when using a G-paper

The profiles of the measured temperature along the graphene strip are analyzed
here for different time-instants, where the initial time is at which the current has been
imposed. Figure V.12 shows the steady-state result obtained after 1h (blue line), and
compares it with that obtained by means of the numerical model (red line). The
resistivity of the G-paper is modelled now by the linear model (V.13) based on the
parameters mentioned in Table 1V.6. From these profiles, a good agreement is found
along the strip, with a slight deviation at the ends, this due to the local
thermomechanical effects of the copper electrodes since they are not taken into

account in the numerical model.
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Figure V-12 Spatial distribution of the temperature along the axis of the graphene strip (G-paper), for
a current of 0.7A steady state condition reached after 3600 s (1 hour): measured vs simulated

solutions.

V.6 Conclusions

In this chapter, the analytical model describing the temperature-dependent
electrical resistivity of thin strips made by graphene nanoplatelets, either
pure or mixed with dielectric binders has been derived.

The model has been obtained by employing the results of the full 3D
numerical simulation performed by Comsol software and of the
electrothermal experimental characterization.

The analysis is based on macroscopic strips (widths and lengths of the
order of cm) made by graphene nanoplatelets, eventually reinforced by a
small percentage of binders.

At the room temperature, the electrical resistivity was found to fall in the
range [7.86, 41.57] uQm, with the coefficient of temperature that was
comprised in the range [-1.55, -0.837] -10-3 (1/°C) depends on the
graphene materials.

124



Chapter V

In a very wide temperature range, [-40, +60] °C, an equivalent resistivity
has been identified, which follows the same linear law generally adopted
for conventional materials, but with a negative temperature coefficient.
The resistivity model was validated by another experiment where the same
graphene bands were considered as heating elements (Thermistor) by
exploiting the Joule effect: the estimated heat production using the
identified equivalent resistivity led to a temperature distribution confirmed
by the experimental results.

The exceptional stability of the performance of these bands analyzed here
suggests their use in electrothermal applications such as sensors or thermal

resistors.
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In this thesis, two electrothermal applications have been carried out, the first being
a RRAM based on memristive devices, and the second a thermistor based on
graphene strips.

As for the first application, a signal and thermal integrity analysis in 3D 1D-
1RRAM crossbhar have been conducted with the investigation of the use of Nickel,
Copper, and Carbon Nanotubes (CNT) as word and bit lines, in a single layer and in
the 3D monolithic integration. The electrothermal model of the conductive filament
has been first validated against available experimental and simulation results, and
then it has been improved with the use of a new function that allowed the smooth
transition between the low and the high conductive states.

Simulation results of the 3D monolithic integration show that the IR drop along
the Ni metal interconnects caused by the leakage current can lead to an insufficient
voltage required for a successful RESET operation of the memories. Then the
increase of voltage leads to the permanent breakdown stuck of near cells and
increases both the joule power and RRAM operating temperature, due to high
voltage stress. To face this issue, new architectures (LD1R-1R1D and CRS) have
been proposed, as well as new materials have been investigated, such as Copper and
CNT. Such solutions have been demonstrated to provide significantly improved
performance in terms of signal and thermal integrity and shows a reduced
temperature rise.

As for the thermistor application, three macroscopic strips are analyzed with
different percentages of graphene nanoplates and polymers, in order to provide the
equivalent electrical resistivity as a function of the temperature. An analytical model
of the temperature-dependent resistivity has been carried out, based on the results of
an electrothermal experimental characterization and of a 3D numerical simulation. A
negative derivative of the resistivity versus temperature has been observed, in a wide

range ([-40, +60 °C]). The model of the electrical resistivity has been validated by
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experiment, where these graphene strips have been successfully

demonstrated their capability of acting as heating elements.

In terms of prospects, future work should cover the following topics:

On the basis of this thesis work, it is possible to propose some ways of

improvement in the realization of future memory devices and heaters elements.

A better understanding of the physics of RRAM to benefit as much as
possible from the electrical properties of RRAM for both memory
applications and neuromorphic hearts.

Identification of synaptic matrix models associated with an appropriate
learning circuitry to allow a more efficient and adapted hardware
implementation, as well as online and real-time learning.

To increase the efficiency of CRS devices it is suggested to work on
optimizing the electroforming step, which might require less development
at first. A lower electroforming voltage value could be combined with a
longer application time. At the same time, we could work on developing
training-free devices or CS devices.

In addition, if RRAM memories were to be embedded in future nomadic
systems, the memory cells would certainly rest a low-thickness high-k
oxide (e.g. hafnium oxide HfO.), exhibiting bipolar behaviour, integrated
in a 1D/1R architecture and allowing multi-bit storage using control
methods based on | formingsset and | reset CUrrent control.

For the thermistor based on graphene strips, future works will be devoted
to complete the analysis of the parameters by estimating also the thermal
conductivity, and carrying on a systematic study of the characteristics of
the thermal response of the heating elements.

In addition, work can be done to assess the mechanical performance of the

strips studied in this thesis, when considering them in a realistic assembly.
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