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Abstract 

 

Electronic machines and computers have experienced a huge development 

during the last four decades, mainly thanks to the continuous scaling down of the 

hardware responsible of information processing and storage (i.e. transistors). However, 

as the size of these devices approaches inter-atomic distances, the fabrication costs 

increase exponentially. In order to solve this problem, the industry has started to 

consider new system architectures and hardware for processing and storing information. 

Inspired by nature, scientists and engineers have focused their attention on the human 

brain, which is the most powerful computational system known.  

The human brain can easily perform an infinity of operations that computers 

cannot do, it can naturally learn by adapting its physical structure, and it consumes 

much less energy. The reason is that human brains use a very sophisticated and dense 

neural network that process and stores the information in parallel. This massive 

parallelism is the genuine feature that even the most powerful computers developed to 

date cannot match, as they all rely in an architecture that process and stores information 

independently, creating a bottleneck that limits their performance. Therefore, emulating 

the functioning of the human brain using electronic circuits is extremely important, and 

it has become an obsession for the biggest technological enterprises. 

The first artificial neural networks for artificial intelligence (AI) systems relied 

on the use of field effect transistors, as they has been the basis of all modern electronic 

devices. However, recent studies indicate that memristors may be more suitable to 

emulate the interaction between neurons. More specifically, two neurons interact to 

each other through a synapse, which is a thin membrane that change its resistivity based 



- 2 - 

 

on the electrical impulses released by the two neurons. The structure and working 

principle of synapses is strikingly similar to that of memristors, which moreover show 

the advantage of a simpler structure and a lower fabrication cost compared to transistors. 

However, not all memristors are suitable for emulating biological synapses. 

Most traditional memristors change their resistivity between two different states when a 

specific electrical impulse is applied. However, synapses change their resistivity with 

the time in a dynamic way, following some specific learning rules. In this PhD thesis I 

carry out a deep study about resistive switching in different materials, and I fabricate 

memristive devices that can accurately resemble several synaptic behaviors. One of the 

most innovative aspect of my investigation is that I use a new dielectric material (called 

hexagonal boron nitride) that holds a layered structure, and thanks to it my memristors 

show several properties never observed before. 
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Abstract in official language 

 

 

 

Los ordenadores y máquinas electrónicas que nos rodean han experimentado un 

inmenso desarrollo durante las últimas cuatro décadas, en gran parte gracias a la 

continua miniaturización de los dispositivos responsables de procesar y almacenar la 

información (es decir, los transistores). Sin embargo, a medida que el tamaño de estos 

dispositivos se aproxima a las distancias interatómicas, los costes de fabricación 

aumentan exponencialmente. Para solucionar este problema, la industria ha comenzado 

a considerar nuevas arquitecturas y dispositivos para procesar y almacenar información. 

Inspirados por la naturaleza, científicos e ingenieros han puesto sus ojos en el cerebro 

humano, que es el sistema más avanzado conocido.  

El cerebro humano puede realizar de forma sencilla infinidad de operaciones que 

los ordenadores no pueden hacer, pueden aprender naturalmente adaptando su estructura 

física, y consumen mucho menos energía. La razón es que el cerebro humano usa una 

sofisticada y muy densa red neuronal que procesa y almacena la información en paralelo. 

Este masivo paralelismo es la genuina característica que los ordenadores convencionales 

no pueden igualar, ya que éstos procesan y almacenan la información en unidades 

distintas, creando un embudo que limita sus prestaciones. Por lo tanto, emular el 

funcionamiento del cerebro utilizando componentes electrónicos es extremadamente 

importante, y se ha convertido en la obsesión de las mayores empresas tecnológicas. 

Las primeras redes neuronales artificiales para el desarrollo de inteligencia 

artificial están basadas en transistores, ya que éstos han sido la base de todos los 

dispositivos electrónicos modernos. Sin embargo, estudios recientes indican que los 

memristores podrían ser más idóneos para emular la interacción entre neuronas. En 

concreto, dos neuronas interactúan entre ellas a través de sinapsis, es decir finas 
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membranas que cambian su resistividad dependiendo de los impulsos eléctricos 

emitidos por las dos neuronas. La estructura y principio de funcionamiento de una 

sinapsis es muy similar al de un memristor, el cual presenta la ventaja de tener una 

estructura más simple y un coste de fabricación más bajo que un transistor.  

Sin embargo, no todos los memristores son aptos para emular el comportamiento 

de las sinapsis. La mayoría de memristores cambian su resistividad entre dos estados 

cuando un impulso eléctrico específico es aplicado. Sin embargo, las sinapsis cambian 

su resistividad con el tiempo de una forma más dinámica, siguiendo ciertas reglas de 

aprendizaje. En esta tesis doctoral presento un estudio sobre la modulación de 

resistividad en varios materiales, y he desarrollado memristores que pueden emular de 

forma muy exacta muchos de los comportamientos característicos de las sinapsis. Uno 

de los aspectos más innovadores de mi investigación es que uso un nuevo material 

dieléctrico (llamado nitruro de boro hexagonal) que tiene una estructura a capas, y 

gracias a ella mis memristores exhiben propiedades inéditas nunca observadas hasta la 

fecha. 
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Chapter 1:  

Dissertation summary 

 
1.1. Introduction  

 

In the past five years AI has developed very quickly, and it has been already 

used in speech interpretation [1], pattern recognition [2], and autonomous car driving 

[3]. According to the 2018 Massachusetts Institute of Technology (MIT) technology 

review [4], AI systems will progressively transfer from big enterprises (e.g. IBM, 

Google, Baidu) to startups, and will ultimately spread to a wider audience (e.g. 

consumers) thanks to the reduction of the costs of machine learning tools by exploiting 

cloud-like implementation. Current AI systems rely on advanced computers to process a 

massive amount of data and carry out complex operations very fast (<1 ns/operation), 

and by using sophisticated algorithms they have been able to emulate some 

functionalities of animal brains (e.g. spiders, mice, cats) [5-8]. However, their 

computing capability and energy efficiency is still very far from that of human brains 

[9]. The main reason is that traditional computers have a von Neuman structure, in 

which the data is computed in the central processing unit (CPU) and stored in the 

memory unit. This produces a bottleneck that strongly limits the performance and 

enhances the power consumption of the entire system. Therefore, until now, progress in 

AI has been strictly linked to: i) the computing power of the systems used, and ii) the 

efficiency of the algorithms used to process the data. 

On the contrary, the human brain uses an ultra dense neural network to process 

and store the information in parallel. A human brain contains ~1012 neurons, each of 
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them electrically connected to other ~1000 neurons through synapses; therefore the total 

number of synapses in a human brain is ~1015 [10]. The synapses are biological 

membranes that can change their conductivity (when they receive an electrical impulse 

from a neuron) by segregating Ca2+ ions [11]. The learning is achieved by: i) generating 

new synapses, and ii) modifying the conductivity of the synapses (a.k.a. synaptic weight) 

[11-12]. Depending on the learning process, the changes on the synaptic weight 

(produced by neuronal spikes) can last in a timescale from milliseconds to minutes (i.e. 

short term plasticity, STP) or for minutes or longer (i.e. long term plasticity, LTP).  

In order to create more powerful and efficient AI systems, electronic engineers 

have started to consider the possibility of designing new hardware, i.e. fabricate new 

electronic circuits that act as artificial neural networks, and that can compute the data as 

the human brain does. Several different electronic components, including three-terminal 

devices or filed effect transistor (FET) based devices [13-21], ferroelectric switches [22-

23] and memory devices [24-33], have been suggested as the hardware implementation 

of electronic synapses for artificial neural networks [34]. However, the designs have 

always resulted very complex and the performance too low (i.e. unable to emulate 

several simple learning rules that are readily carried out by biological synapses). 

Recently, RS devices based on a metal/insulator/metal (MIM) nanocells have been 

suggested as the ideal candidate device for the implementation of electronic synapses 

with both STP and LTP capability [35-42]. In a MIM-like RS device, the electrical 

resistance of the insulating layer can be tuned by applying electrical stresses to reach 

different resistive states [43]. RS started to be empirically studied in 1967 [44], but it 

wasn’t until 2008 when it started to attract the interest of the industry [45]. Currently RS 

devices are being developed for several applications, being information storage the one 

that has attracted more attention [46]. However, the use of RS devices as electronic 
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synapses is still very incipient, and they still have strong difficulties to emulate most 

synaptic behaviors and learning rules.  

One very successful strategy to enhance the performance of several types of 

electronic devices is the introduction of new materials with advanced properties in their 

structure. In this context, 2D layered materials [47] are very attractive due to their 

advanced chemical [48-49], electrical [50], mechanical [51-52], thermal [53] and optical 

[54-55] properties, and they have been successfully used to enhance the performance of 

FETs [56-58], sensors [59], photodetectors [60-61], batteries [62], solar cells [63-65], 

and capacitors [66-67] (among others). In this thesis, we study to use 2D materials to 

enhance the performance of electronic synapses for artificial neural networks.  

 

1.2. Main contribution of this PhD thesis 

 

1.2.1. Objectives of this PhD thesis 

 

The main goal of this PhD thesis is to design, fabricate and test MIM-like RS 

devices that show both STP and LTP behaviors in a single device, and that could be 

used as electronic synapses in artificial neural networks. In this PhD thesis we will 

concentrate on the RS phenomenon at the nanoscale, and on the quality of the RS 

behavior in single electronic synapses based on the device technological requirements 

(i.e. the association of several synapses to build systems is out of the scope of this work).  

From an academic point of view, this major goal can be divided in three main 

objectives. The first one is to understand the origin of the RS mechanism in well 

established materials (e.g. HfO2). To do so the RS has been analyzed both at the device 

level and at the nanoscale, and novel electromechanical tests have been performed for 

the first time. The second is the study of 2D materials, including their properties and 
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synthesis methods. In this part we will concentrate on graphene and h-BN, which show 

metallic and insulating behaviors respectively (the ones needed to build MIM 

structures). And the third one is the assembly of 2D materials in a MIM-like structure to 

produce RS characteristics that enable the main synaptic behaviors, and that can be used 

as electronic synapses.  

 

1.2.2. Key findings 

 

They key finding of this PhD thesis is the development of metal/h-BN/metal 

electronic synapses that are able to emulate both STP (volatile regime) and LTP (non-

volatile regime) synaptic behaviors in a single device by controlling the amplitude, 

duration and interval of the electrical impulses applied. The devices here reported show 

fast switching speeds (< 10 ns/transition) in volatile regime with a low power 

consumption (0.1 fW in standby and 600 pW per transition). This invention is the final 

and more relevant product outcome of my work; however, during the development of 

this PhD thesis other important findings are also reported.  

In the first part of this PhD thesis I investigate the origin of RS in thin (<10 nm) 

HfO2 insulating films at the nanoscale using conductive atomic force microscopy 

(CAFM). As the tip of the CAFM allows applying both mechanical and electrical 

stresses, we performed the first nanoscale electromechanical study of RS. Articles 1, 2 

and 3 show that RS always takes place at those locations of the sample that are 

mechanically weaker. The reason may be that the lower mechanical strength correlates 

with a defective bonding, which at the same time produces a rapid dielectric breakdown 

(BD) at lower electrical fields. This leads to a softer BD event that can be recovered by 

applying additional electrical stresses.  
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In the second part I analyzed some fundamental properties and performances of 

graphene and h-BN. In Articles 4 and 5 I used the CAFM to analyze the charge 

transport across graphene electrodes, and I analyzed the aging mechanisms. By using an 

accelerated aging method to intentionally oxidize a polycrystalline graphene sheet, I 

observed that thin oxides with a thickness below 2 nm can be formed even below 

defect-free graphene. In Article 6 I observed that h-BN is a very reliable dielectric, in 

both local experiments using CAFM and device level tests in metal/h-BN/metal cells.. 

After analyzing both graphene and h-BN independently, in the last part of this 

PhD thesis, I analyzed the performance of MIM-like RS devices made of 2D materials. 

We found that the RS phenomenon in h-BN could be volatile or non-volatile depending 

on the magnitude and rate of the electrical stresses applied, which allows emulating both 

STP and LTP behaviors. Article 7 reports the first discovery of RS in 2D layered h-BN, 

and we demonstrate the fabrication of flexible and transparent graphene/h-BN/graphene 

RS devices. Articles 8 and 9 analyze the RS behavior of metal/h-BN/metal devices 

using computational methods, in one case the quantum point contact (QPC), and in the 

other the software GinestraTM from MDLab. Finally, in Articles 10 and 11 h-BN was 

used to implement electronic synapses, and several STP and LTP learning rules have 

been successfully emulated, including synapse relaxation, paired pulse facilitation (PPF), 

paired pulse depression (PPD), and spike timing dependent plasticity (STDP).  

 

1.2.3. Thesis outline 

 

This thesis is divided into five chapters: Chapter 1 presents the dissertation 

summary and introduces the most relevant aspects of this PhD thesis. Chapter 2 

describes the background knowledge of RS, high-k insulators, and CAFM. The main 
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idea is that the RS mechanism of high-k based RS devices has been widely studied, but 

still new insights can be gained if advanced experiments are performed. Chapter 2 

features Articles 1, 2 and 3. Chapter 3 gives an overview of the properties and synthesis 

of advanced 2D materials, specially graphene and h-BN. Chapter 3 features Articles 4, 

5 and 6. Chapter 4 presents the fabrication of scalable h-BN based RS devices, which 

shows coexistence of forming-free bipolar and threshold type RS. Chapter 4 features 

Articles 7, 8, 9, 10 and 11. Finally, Chapter 5 summarizes the main results of this thesis, 

conclusions and perspectives.  

 

1.3. List of publications 

 

The list of articles shown below only includes the publications which shall be 

considered for the evaluation of this PhD dissertation, although during my PhD I have 

published many other research articles. A reproduction of each publication can be 

accessed by the information indicated below. A complete list of the author’s publication 

(updated on May 4th 2018) is included in the scientific curriculum vitae (Appendix A).  

 

Article 1: Yuanyuan Shi, Yanfeng Ji, Fei Hui, Vanessa Iglesias, Marc Porti, 

Montserrat Nafria, Enrique Miranda, Gennadi Bersuker, Mario Lanza, 

Elucidating the origin of resistive switching in ultrathin hafnium oxides 

through high spatial resolution tools, ECS Transactions, 64, 19 (2014). 

 

*Contribution: planning and performing the experiments by CAFM (with 

a semiconductor parameter analyzer [SPA]), probe station, evaluation of 

the results and writing the main parts of the manuscript. 
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Article 2: Yuanyuan Shi, Yanfeng Ji, Fei Hui, Montserrat Nafria, Marc Porti, 

Gennadi Bersuker, Mario Lanza, In situ demonstration of the link 

between mechanical strength and resistive switching in conductive 

filament based non-volatile memories, Advanced Electronic Materials, 

1, 1400058 (2015). 

 

*Contribution: planning and performing the experiments by CAFM 

(combined with a SPA), statistical analysis of the results by NanoScope 

Analysis and Origin software, and writing the main parts of the 

manuscript.  

 

Article 3: Yuanyuan Shi, Yanfeng Ji, Fei Hui, Montserrat Nafria, Marc Porti, 

Gennadi Bersuker, Mario Lanza, New insights on the origin of resistive 

switching in HfO2 thin films: The role of local mechanical strength, 22nd 

IEEE International Symposium on the Physical and Failure Analysis 

of Integrated Circuits (IPFA), Jun. 29th-Jul. 2nd, 2015, Taiwan, China. 

Published in IEEE explorer, DOI: 10.1109/IPFA.2015.7224435. 

 

* Contribution: planning and performing the experiments, including 

sample fabrication by atomic layer deposition (ALD), and sample 

characterization by CAFM, evaluation of the results by NanoScope 

Analysis and writing the main parts of the manuscript.  

 



- 12 - 

 

Article 4: Yuanyuan Shi, Yanfeng Ji, Fei Hui, Hai-Hua Wu, Mario Lanza, Ageing 

mechanisms and reliability of graphene-based electrodes, Nano 

Research, 7, 1820 (2014). Front cover. 

 

* Contribution: planning and performing the experiments by optical 

microscopy, scanning electron microscopy (SEM), ultraviolet-visible 

(UV-Vis), X-ray photoelectron spectrometer (XPS), and CAFM 

(combined with a SPA), evaluation of the results by NanoScope Analysis 

and Origin software, and writing the main parts of the manuscript. 

 

Article 5: Yuanyuan Shi, Yanfeng Ji, Fei Hui, Mario Lanza, On the ageing 

mechanisms of graphene electrodes, 10th IEEE Spanish Conference on 

Electron Devices (CDE), Feb. 11th-13th, 2015, Madrid, Spain. Published 

in IEEE explorer, DOI: 10.1109/CDE.2015.7087446. 

 

* Contribution: planning and performing the experiments by UV-Vis, 

XPS, and CAFM (combined with a SPA), evaluation of the results and 

writing the main parts of the manuscript.  

 

Article 6: Yanfeng Ji, Chengbin Pan, Meiyun Zhang, Shibing Long, Xiaojuan Lian, 

Feng Miao, Fei Hui, Yuanyuan Shi, Luca Larcher, Ernest Wu, Mario 

Lanza, Boron nitride as two dimensional dielectric: Reliability and 

dielectric breakdown, Applied Physics Letters, 108, 012905 (2015). 

 

* Contribution: planning and performing some parts of the experiments 

(characterizing the samples by SEM), and writing some parts of the 

manuscript.  
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Article 7: Chengbin Pan, Yanfeng Ji, Na Xiao, Fei Hui, Kechao Tang, Yuzheng 

Guo, Xiaoming Xie, Francesco M. Puglisi, Luca Larcher, Enrique 

Miranda, Lanlan Jiang, Yuanyuan Shi, Ilia Valov, Paul C. McIntyre, 

Rainer Waser, Mario Lanza, Coexistence of grain-boundaries-assisted 

bipolar and threshold resistive switching in multilayer hexagonal boron 

nitride, Advanced Functional Materials, 27, 1604811 (2017). Selected 

as frontispiece.  

 

* Contribution: characterizing the samples by transmission electron 

microscopy (TEM) and writing some parts of the manuscript.  

 

Article 8: Chengbin Pan, Enrique Miranda, Marco A Villena, Na Xiao, Xu Jing, 

Xiaoming Xie, Tianru Wu, Fei Hui, Yuanyuan Shi, Mario Lanza, Model 

for multi-filamentary conduction in graphene/hexagonal boron-

nitride/graphene based resistive switching devices, 2D Materials, 4, 

025099 (2017). 

 

* Contribution: partial device fabrication, technical advice on electrical 

characterization, and writing some  parts of the manuscript.  

 

Article 9: Francesco Puglisi, Luca Larcher, Chengbin Pan, Na Xiao, Yuanyuan Shi, 

Fei Hui, Mario Lanza, 2D h-BN based RRAM, IEDM Technical Digest, 

DOI: 10.1109/IEDM.2016.7838544 (2016). 

 

* Contribution: measuring electrical performance by probe station and 

analyzing chemical composition by TEM combined with electron energy 

loss spectroscopy (EELS) and writing some parts of the manuscript.  
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Article 10: Yuanyuan Shi, Chengbin Pan, Victoria Chen, Nagarajan Raghavan, Kin 

Leong Pey, Francesco Puglisi, Eric Pop, H.-S. Philip Wong, Mario Lanza, 

Coexistence of volatile and non-volatile resistive switching in 2D h-BN 

based electronic synapses, IEDM Technical Digest, DOI: 

10.1109/IEDM.2017.8268333 (2017). 

 

* Contribution: planning and performing the experiments, including the 

growth of 2D hexagonal boron nitride by chemical vapor deposition 

(CVD), devices fabrication by e-beam evaporation and a laser-patterned 

shadow mask, devices characterization by probe station. Evaluation of 

the results and writing the main part of the manuscript. 

 

Article 11: Yuanyuan Shi, Mario Lanza, Xianhu Liang, Bin Yuan, Victoria Chen, 

Haitong Li, Fei Hui, Zhouchangwan Yu, Fang Yuan, Eric Pop, H.-S. 

Philip Wong, Electronic synapses made of layered two-dimensional 

materials, under review (2018). 

 

* Contribution: planning and performing the experiments, including 

materials synthesis, devices fabrication and electrical characterization, 

evaluation of the results and writing the main parts of the manuscript. 

 

These articles have been developed in collaboration with Stanford University 

(USA), Massachusetts Institute of Technology (MIT, USA), and Soochow University 

(China), as well as with American companies like IBM and MDLab. To do this work, I 

travelled one year to Stanford University, where I worked in the group lead by Prof. H.-

S. Philip Wong. For my stay at Stanford University I won the excellent mobility award 

from Soochow University. 



- 15 - 

 

Disclaimer: All these 11 research articles will be entirely reproduced 
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published version, not the ones of this thesis. This statement applies to all articles 
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Chapter 2:  

Origin of resistive switching in  

polycrystalline HfO2 thin films  

 

The aim of this chapter is to provide the readers an overview introduction of 

high-k materials and their application as dielectric in electronic devices (section 2.1). 

First, the structure and functioning of RS devices will be introduced, and the study of 

high-k based RS devices will be discussed in depth (section 2.2). Then, the use of 

CAFM to study the RS phenomenon and RS devices will be described (section 2.3). 

Finally, our experimental results about the origin of RS in high-k materials will be 

presented (section 2.4). 

 

2.1. High-k dielectrics  

 

Before the 2000's the insulator used as dielectric most electronic devices for 

complementary metal oxide semiconductor (CMOS) circuits was SiO2 (Figure 2.1a), 

due to its excellent performance as a dielectric, good compatibility with silicon, low 

cost, and high stability at the high temperatures used during the manufacturing 

processes [68-69]. However, in the early 2000's, the aggressive scaling down of the 

transistors led to ultra thin (~1.2 nm) SiO2 dielectric films, which increases the leakage 

current (> 1 A/cm2 at 1V) [70-71]. This not only increases the static power consumption, 

but also produces the degradation of the SiO2 stack, leading to premature device failure 

[72]. In that time the race for finding alternative dielectric materials to replace SiO2 
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started, and since then several reliability tests to evaluate the performance of each 

candidate material have been developed. So far the best results have been obtained 

using transition metal oxides (TMO) [70, 73], including HfO2 [74-75], Al2O3 [76], and 

Ta2O5 [77]. These materials have a dielectric constant (k) much higher than that of SiO2 

(e.g. HfO2 25, Al2O3 10, and Ta2O5 22, vs. SiO2 3.9), and therefore thicker films can 

provide the same capacitance effect necessary to make devices work (Figure 2.1b), 

which reduces the gate leakage current by 2-3 orders of magnitudes. It is widely 

accepted that at least a k of 10 is required in order to use a high-k material as dielectric 

in FETs [70]. 

 

 

Figure 2.1. (a) Schematic structure of a polysilicon/SiO2/Si based FET, which 

corresponds to the transistors used in the 65 nm technology node. (b) Schematic 

structure of metal/HfO2/silicon based transistor, which corresponds to those used in the 

45 nm technology node. Reproduced with permission from Ref. [78], copyright 2016 

Elsevier. 

 

One of the main advantages of SiO2 in CMOS technology is that it can be 

directly grown on Si by thermal oxidation, and it creates a very good interface with both 

the Si substrate and the poly-Si gate. However, high-k oxides need to be deposited. The 

most common methods to grow high-k dielectrics are: i) sputtering from a pure source 

of the desired material; ii) depositing a metallic film by e-beam evaporation and then 

oxidizing it (normally by ozone or ultraviolet assisted oxidation); iii) CVD; and iv) 
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ALD, which is a method based on cyclical precursor deposition and oxidation [79-80]. 

The advantage of sputtering is that it is available for depositing many kinds of pure 

metallic oxides, but it includes a plasma step, which can damage the surface of the 

deposited oxides. Metal deposition followed by oxidation provides less damage to the 

oxides than sputtering, but it is not so controllable. CVD and ALD are the scalable 

methods preferred by the industry [81]. CVD can provide conformal coverage with a 

controllable growth rate. The main disadvantage of CVD is that it can introduce 

impurities in the oxides. ALD is much slower than all other methods, but it is still 

suitable for the growth of reasonably thin (< 50 nm) dielectrics. Its main advantage is 

that it fully covers the surface of the substrate and it provides the lowest amount of 

defects. The advantages and disadvantages of these four key deposition methods for 

high-k oxides have been summarized in Table 2.1. 

 

 Coverage Purity Defects Thickness Large area 

Sputtering o oo xxx  oo 

Metal dep. + oxidation o oo o oo o 

MOCVD ooo o oo oo ooo 

ALD ooo o oo ooo ooo 
 

Table 2.1. Advantages and disadvantages of the four main deposition methods for high-

k oxides. “o” means “good”, and “x” means “bad”. Reproduced with permission from 

Ref. [82], copyright 2004 EDP Sciences. 

 

When introducing high-k dielectrics in electronic devices it is important to 

understand the new challenges. SiO2 is a perfect dielectric for silicon-based devices 

with only one main problem, its low dielectric constant; on the contrary, high-k 

dielectrics only show one clear advantage compared to SiO2 (i.e. their high dielectric 

constant). The rest of behaviors within the device are much worse, i.e. they show: i) 

larger amount of native defects, ii) formation of a bad interface with the Si substrate, iii) 
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interaction with the polysilicon gate electrode, iv) larger phonon scattering at the 

channel region, and v) polycrystallization at the temperatures used during the 

manufacturing process (~450 ºC). Nevertheless, despite not being excellent insulators, 

high-k materials have shown an acceptable reliability when used as dielectric, which 

rapidly expanded their use in electronic devices.  

Defects in a dielectric accelerate its degradation, and promotes premature BD. In 

high-k dielectric thin films exposed to an electrical field (as well as in SiO2) the BD is 

related to the generation of a prohibitive amount of defects (bonding imperfections) in 

the dielectric, which leads to the formation of a defective path across it (see Figure 2.2a). 

This defective path, also called sometimes percolation path and/or conductive filament 

(CF), takes place at areas ranging from 1 nm2 to 100 nm2 depending on the magnitude 

of the electrical stress applied (see Figure 2.2a). The types of defects forming a CF can 

be intrinsic and extrinsic. For example, in the case of HfO2, intrinsic defects are 

normally missing or interstitial Hf or O atoms, and extrinsic defects are metal or Si 

atoms from adjacent electrodes that penetrate in the HfO2. Some of these defects can be 

native (i.e. produced during the high-k deposition), but those that trigger the BD are 

always generated by the electrical field.  

The BD is a universal phenomenon that also takes place in nature at the 

macroscopic scale, and it can be seen for example with the formation of a thunder, 

which is basically a CF connecting the clouds and the ground when these are charged 

with different polarity (see Figure 2.2b). The main difference is that the BD produced 

by a thunder between the clouds and the ground is volatile (i.e. it self-disrupts after a 

few milliseconds), while the BD in high-k dielectrics is normally non-volatile (i.e. it 

stays there once the bias is switched to zero). In thin dielectrics for microelectronics, the 

complete loss of the insulating properties (leading to ohmic conductance) is known as 
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hard-BD (HBD). However, after several electrical tests it has been observed that a soft-

BD (SBD) state can be also reached. In this SBD state the BD the CF is very narrow 

and unstable, and the electrons still need some energy to flow across the dielectric. And 

more importantly, in some materials SBD may be recovered upon the application of 

additional electrical stresses, leading to RS [83-84]. 

 

 

Figure 2.2. (a) A conductive filament across h-BN observed by cross sectional TEM. (b) 

Photograph of a thunder, which can be considered as a CF connecting the clouds and the 

ground. (a) is reproduced with permission from Ref. [85], copyright 2017 Wiley. 

 

 

2.2. Resistive switching devices 

 

Currently the use of high-k oxides is not just limited to MOS transistors, and the 

observation of reversible BD phenomenon enabled their application in RS devices. A 

RS device is normally made of a vertical MIM structure (e.g. Pt/HfO2/Pt), in which the 

insulating layer is often a high-k oxide. In the most competitive devices, the RS 

behavior is based on the formation and disruption of a SBD event (weak CF) within the 

high-k, which takes place at a very reduced spot of the sample (1-100 nm2). Initially, an 

electrical stress is applied to create the CF (SBD) for the first time; this process has been 

also called forming. After that, the CF may be disrupted and formed again by applying 

additional electrical stresses, reaching cyclically a HRS and a LRS. The processes of 

formation and disruption of the CF are often referred as set and reset (except in the first 

CF formation). Normally, the forming process requires the application of a stress much 
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higher (in voltage or in time) than the set process, which is an unwanted effect that 

complicates the programming of the RS devices [86]. It is also important to highlight 

that, when studying prototype devices via probe station, a current limitation (CL) is 

normally applied to keep the soft nature of the BD and avoid irreversible HBD.  

 

 

Figure 2.3. Comparison schematic of bipolar (deoxidization) and unipolar (thermal heat) 

RS mechanisms. The blue and yellow stacks represent the metallic electrodes and the 

insulating layer, respectively. And the pink dots in the insulating layer represent the 

particles that form the CF. Reproduced from Ref. [43], copyright 2014 MDPI. 

 

If the polarity of the voltage required to induce the set and reset processes is the 

same, the RS behavior is called unipolar, and if it is the opposite the device is called 

bipolar (Figure 2.3). In high-k based RS devices, bipolar RS takes place at low CLs of 

microamperes or few milliamperes, and it is normally produced by the migration of 

oxygen ions (O2-) towards the anode electrode due to the electrical field. This CF is easy 
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to be reoxidized by applying an electrical stress with opposite polarity, which induces 

the reset process [87]. However, unipolar RS takes place at higher CLs, and in that case 

the oxygen vacancies based CF is too wide for being reoxidized (and it may also contain 

impurities from adjacent electrodes). Therefore, a higher current of the same polarity 

producing high thermal heat is the best method to disrupt it [88-90].  

The main application of RS devices until now has been as non-volatile memory 

(NVM) for information storage. This application has been boosted by massive industrial 

investment, as current NVMs (mainly Flash memories) are facing big scaling challenges 

due to performance degradation (specially data retention). According to the International 

Technology Roadmap for Semiconductors (ITRS) [91] the most important technology 

requirements for RS devices to be used as NVM are (see Table 2.2): i) low operation 

voltages (<1 V), ii) fast switching speed (<10 ns/transition), iii) lower power 

consumption (~ 10 pJ/transition), iv) high endurance (>109 cycles) and long retention 

(>10 years), v) good scalability (<600 nm2) —this size is not the whole device size, but 

it refers to the size of the cell that can store 1 bit of information—, vi) simple structure 

and vii) good compatibility with the current CMOS technology. Fortunately, RS devices 

using high-k dielectrics already successfully fulfilled most of those requirements (see 

Table 2.2), and nowadays high-k based RS devices have become a competitive option 

within the NVM market (see Table 2.3). 

Most RS studies analyzed the electrical characteristics of CFs at the device level 

using the probe station. However, much fewer works observed the formation and 

disruption of CFs in situ. In this thesis, we use CAFM to create, disrupt and analyze the 

density, size, current and location of CFs in different types of dielectrics. Moreover, for 

the first time we carry out one electromechanical test to analyze RS using the sharp tip 

of the CAFM. 
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Parameter Requirements Performances Device structure Ref. 

Voltages <1 V 0.1 V Pt/Ni/Al2O3/SiO2/Si 92 

Power ~10 pJ/trans. 0.1 pJ/trans. TiN/Hf/HfOX/TiN 93 

Speed <10 ns/trans. 300 ps TiN/TiOX/HfOX/TiN 94 

Endurance >109 cycles 1012 cycles Pt/Ta2O5-X/TaO2-X/Pt 95 

Data retention >10 years >10 years Pt/ Al2O3/ HfO2/ Al2O3/TiN 96 

MIM cell Size 576 nm2 10 nm × 10 nm TiN/Hf/HfOX/TiN 93 

 

Table 2.2. A summary of the requirements of NVMs and the achievements of high-K 

based RRAM devices. Reproduced with permission from Ref. [97], copyright 2017 

Wiley. 

 
 

 

Table 2.3. Performance comparison of various digital memory devices. Reproduced 

with permission from Ref. [98], copyright 2016 Elsevier. 
 

 

2.3. Conductive atomic force microscopy 

 

CAFM is a technique that allows studying the electrical properties of materials 

at the nanoscale [99-100]. A CAFM uses an ultra sharp probe tip (radius <100 nm) 

located at the end of a cantilever that is placed in contact with the surface of the material 

to test [100]. The CAFM can mainly perform two different types of experiments (Figure 

2.4): i) spectroscopic measurements, i.e current vs. voltage (I-V) curves, and ii) 
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topographic and current scans. If the CAFM tip is placed on a single location of the 

sample, the working principle is identical to that of a probe station, i.e when a potential 

difference is applied between the probe tip and the sample current can flow between 

them. The only difference is that normally no top electrode is required, as the tip places 

the role of nanosized electrode, and also that the tip/sample contact force can be 

controlled with very high precision (<1 nN). If the tip is used to scan the surface of the 

sample, a topographic and an electrical map can be collected independently and 

simultaneously. This is a very big advantage compared to other nanoscale electrical 

techniques like scanning tunneling microscopy (STM), which measures either the 

topography or the current, but not both independently, as the topographic current is 

calculated based on the tunneling current between them.  

 

 

Figure 2.4. Example of the measurements that a CAFM can collect: (a) I-V curves, and 

(b) three dimensional (3D) topographic (left) and current (right) maps. Reproduced with 

permission from Refs. [101] and [102], copyright 2015 IEEE and 2017 Wiley. 

 

 
In CAFM, on one hand, the topography is collected using a sensor to detect the 

deflection of the cantilever at each location (pixel) of the image [103], and the 

topography is calculated according to the Hooke’s law [104]. And on the other hand, the 

current is collected using an external source [105]. Therefore, the CAFM tip needs to be 

conductive, and a voltage source is required to induce the current (in most samples). 

Metal-coated silicon tips are among the most commonly used in CAFM research, 
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although solid Pt or Diamond tips [106-107] and graphene-protected tips [108-112 

showed much larger lifetime. An additional element required for the current 

measurement is a current-to-voltage preamplifier, so that the small currents driven by 

the probe tip can be read by the data acquisition card of the CAFM. The simplified 

schematic of a CAFM is displayed in Figure 2.5. 

 

 

Figure 2.5. Simplified schematic of the compartments of a CAFM. Three new elements 

are included compared to AFM, and they are: i) a conductive nanoprobe, ii) a voltage 

source, and iii) a preamplifier. Reproduced with permission from Ref. [100], copyright 

2017 Wiley-VCH. 

 

Thanks to its very high lateral resolution (~1 nm), the CAFM can be used to 

monitor several local properties of thin dielectrics, such as tunneling current [113-115], 

polycrystallization [116-118], charge trapping and de-trapping [119-120], random 

telegraph noise [121-122], stress induced leakage current (SILC) [123], SBD and HBD, 

and it can also distinguish which locations within the dielectric film promote RS [124-

128], as well as what are the properties of the CFs [129-130]. However, standard 

CAFMs present some limitations: i) the limited voltages that can apply (from 10 V to -

10 V); ii) the limited current dynamic range (typically from 1 pA to 10 nA) [105]; The 

current level for a sudden HBD process can reach few milliampere. iii) several high-k 

materials show local anodic oxidation when electrons are injected from the tip [131], 
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making impossible measuring in bipolar regime. And iv) CAFM cannot apply current 

limitation, which is normally needed to observe RS. In this PhD theses, all these 

limitations have been solved by hardware modification, as described in next section. 

 

2.4. Results and discussion  

 

Ultrathin HfO2 films have been grown on the metallic surfaces by ALD. In order 

to improve the RS behavior, the samples have been annealed at high temperatures (up to 

1000 ºC) [132]. This produced the polycrystallization of the device, and the apparition 

of RS behavior. However, the reason behind this observation is still not fully understood. 

In order to investigate this behavior, the HfO2/metal blankets have been analyzed via 

CAFM. In these experiments the CAFM tip plays the role of nanosized electrode. 

In Article 1, the origin of RS in polycrystalline HfO2 has been analyzed at the 

nanoscale by connecting a SPA to a CAFM working in nitrogen environment [99, 108,  

132]. The SPA solves the problems of low voltage/current range plus the problem of 

current limitation [133-134], and the problem of local anodic oxidation is solved by 

measuring in a low humidity (nitrogen) environment [131]. First, the polycrystalline 

structure of the HfO2 film has been monitored by high resolution SEM, which shows the 

grains and grain boundaries (GBs) clearly. The intrinsic conductivity differences at the 

GBs and nanocrystals (NCs) are statically analyzed by CAFM. Then, both the GBs and 

NCs were stressed via ramped voltage stresses (RVS), and the I-V curves collected 

indicate that only the GBs show RS (the forming process on the NCs produces HBD). 

The presence of RS seems to be related to a low (<5 V) BD voltage (VBD), which only 

takes place at the GBs. The use of CAFM was essential to be able to monitor in situ the 

properties of each type of location within the HfO2 film. 
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In Article 2 and Article 3 we analyze the presence and properties of the RS 

phenomenon at the GBs of polycrystalline HfO2 films using the CAFM, not only 

applying electrical stresses, but also mechanical. To the best of our knowledge, his is 

the first time such a study has been carried out for any material, and it has been possible 

thanks to the ability of CAFM to apply both electrical and mechanical stresses 

simultaneously. The main conclusion of these studies is that the RS correlates with a 

lower mechanical strength. Probably the defective bonding not only produces lower VBD, 

but also a higher fragility. The size of the CFs driving the RS is strikingly similar to that 

of the holes provoked by the CAFM tip on the surface of the sample. Moreover, the hole 

has a diameter that is larger than the perimeter of the tip (at the penetrated depth) 

indicating lateral propagation of the hole, which is exactly the same as that happens 

during the BD. This pioneering nano electro-mechanical study should be of great 

interest of researchers working on flexible and foldable electronic devices. 
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Chapter 3: 

Synthesis and characterization of 2D materials 

 
The existence of 2D materials was theoretically suggested in 1947 [135], but it 

was believed that they would be unstable in atmospheric conditions. However, in 2004 

graphene was discovered accidentally by mechanical exfoliation from graphite [136]. In 

brief, K. Novoselov wanted to polish a graphite sample using scotch tape, and when he 

looked at the graphite residues on the tape he realized that atomically thin graphite holds 

a tremendously high carriers mobility of ~ 15,000 cm2/Vs at 300 K [136]. After that, 

intensive research on graphene demonstrated other fascinating properties, and allowed 

developing scalable synthesis methods required by the industry. Currently, the global 

market for 2D materials is increasing aggressively, and graphene market is expected to 

reach to US$300 million by 2027 [137]. Most of this projected market is related to 

electronic circuits, battery and composites [137]; however, there is still a long way of 

optimization and testing before electronic circuits made of 2D materials could be 

commercialized. In this chapter we analyze the synthesis method, advanced properties 

and applications of two different 2D materials, one with conductive properties 

(graphene) and another with insulating properties (h-BN). Sections 3.1, and 3.2 will 

explain the synthesis, advanced properties and applications of graphene, focusing on 

those properties and behaviors that are well established. Our study about the ageing 

mechanism of graphene electrodes will be shown in section 3.3. Section 3.4 will give a 

brief introduction of h-BN, including the synthesis method, properties and its 

applications. Finally, section 3.5 will show our results about topographic and electrical 

characterization of h-BN at nanoscale. 
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3.1. Synthesis of graphene 

 
Single layer graphene is defined as a monolayer sheet of carbon atoms arranged 

in a sp2-bonded structure [138]. Figure 3.1 shows the top and cross sectional TEM 

images of graphene. Bilayer or few-layer graphene refer to the stacking of two or few 

layers of graphene on each other. This adhesion takes place by van der Waals forces and 

the distance between two layers is 0.335 nm [139]. 

 

 

 
 

Figure 3.1. (a) Top view TEM image of monolayer and bilayer graphene, (b) cross 

sectional TEM image of 56 layers thick graphene. Reproduced with permission from 

Ref. [140] and Ref. [141], copyright 2014 Wiley and 2012 the Electrochemical Society. 

 

As mentioned, graphene was firstly obtained by mechanical exfoliation of highly 

oriented pyrolytic graphite (HOPG) [136]. The graphene obtained by this method 

consists on small flakes of few micrometers long and with uncontrollable thickness 

(severe thickness fluctuations within one flake are unavoidable). Therefore, this material 

was used for proof-of-concept experiments using local characterization techniques and 

electrodes patterned in situ via electron beam lithography. This method has been also 

used to isolate many other materials, such as h-BN and MoS2 [142], using different pure 

http://www.electrochem.org/
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crystal sources (instead HOPG). Despite mechanically exfoliated graphene is still being 

used, it is widely accepted that this method is not scalable; and furthermore, production 

of graphene by this method is very expensive. Therefore finding a cheap and scalable 

method to grow graphene and other 2D materials on arbitrary substrates is extremely 

necessary. With the time, new approaches to grow graphene have been developed, and 

they can be classified in two main categories: i) top-down methods, in which a raw 

material (e.g. HOPG) is decomposed or treated until isolating graphene, and ii) bottom-

up methods, in which molecules containing carbon atoms are assembled to produce a 

continuous film.  

In top-down approaches the synthesis of graphene is achieved by separation or 

exfoliation of graphite, graphite derivatives, such as graphene oxide (GO) and graphite 

fluoride. In the mechanical exfoliation method, since the bonding between adjacent 

graphene layers in graphite is weak (just van der Waals attraction), graphene can be 

peeled off from the graphitic materials, such HOPG, natural graphite or single-crystal 

graphite [143-147]. This process can be done using different agents, such as scotch tape 

[136], electrical field [148], ultrasonication [149], transfer printing technique [150-151], 

and AFM/STM tips [147, 152-155]. Separating a monolayer of graphene from graphite 

requires the application of an external force of ~ 300 nN/µm2 [156]. The graphene 

obtained by this method usually contains low amount of lattice defects; however it is not 

possible to obtain wafer scale graphene sheets using this approach. Figure 3.2a shows 

the typical optical microscope image of graphene isolated using this method. The 

chemical exfoliation method includes two steps process: i) enlarging the interlayer 

spacing inside graphite to reduce the van der Waals forces between the layers [157-160]; 

and ii) exfoliating single/few layer graphene from graphite intercalated compounds 

(GICs) through sonication or rapid heating. Similar to mechanical exfoliation, chemical 
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exfoliation is a non-scalable method for the synthesis of graphene. Moreover, it still 

requires understanding better the intercalation, oxidation, exfoliation, fractionalization 

and dispersion process of this method, which it can be very complex. Currently new raw 

materials and reaction routes are being explored. Figure 3.2b shows the typical SEM 

image of graphene isolated using this method. Chemical synthesis method mainly 

focuses on the reduction of GO by means of chemical or electrochemical reactions 

[161-164], and the graphene synthesized by this method is generally referred to as 

reduced graphene oxide [165]. Ref. [161] exfoliated GO from graphite oxide using the 

Hummers method [166], then suspended the GO in water under sonication, and in situ 

reduced the GO to graphene with hydrazine hydrate. Figure 3.2c shows the typical SEM 

image of graphene isolated using this method. Graphene synthesized by this method 

usually contains incomplete reduction of GO, which can cause the electrical properties 

of the prepared graphene to be successively debased [165]. 

 

 

 
 

Figure 3.2. Optical microscopy image of (a) mechanically exfoliated graphene on 90 

nm SiO2 substrate, SEM image of (b) chemically exfoliated graphene, (c) graphene 

obtained by chemical reduction of graphene oxide, (d) graphene obtained by pyrolysis, 

(e) epitaxial graphene on SiC and (f) graphene grown by CVD on Cu foil. Reproduced 

with permission from Refs. [167], [168], [164], [169], [170] and [171], copyright 2013 

Wiley, 2014 CCSD, 2009 Springer Nature, 2016 MDPI, and 2014 Springer. 
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In bottom-up approaches the synthesis of graphene is achieved by nucleation of 

different seeds and/or molecules following different physical or chemical reactions. 

Pyrolysis a bottom-up approach to synthesize graphene based on pyrolization of sodium 

ethoxide under sonication. The sodium ethoxide is synthesized by heating a sodium and 

ethanol mixture in a sealed reactor vessel. This method is cheap and the temperatures 

required do not surpass those currently used in CMOS technologies (<400 ºC) [165, 148. 

However, graphene synthesized by this method contains abundant lattice defects, which 

degrades its properties. Figure 3.2d shows the typical SEM image of graphene isolated 

using this method. Epitaxial thermal growth is one of the most promising bottom-up 

methods for graphene synthesis, as it can grow high quality graphene by the sublimation 

of carbon atoms on single crystalline SiC substrates. However, this method is more 

expensive due to the need of SiC substrates, and it also requires very high temperatures 

(>1400 ºC) [172]. Figure 3.2e shows the typical SEM image of graphene isolated using 

this method. CVD is also a bottom-up method that can be used to grow graphene, and 

one main advantage is that it uses inexpensive metallic substrates (e.g. Cu [173], Ni 

[174]). The quality and thickness of the graphene can be tuned by the type and amount 

of precursor, type of substrate, temperature, flow of H2, growth time, and pressure. 

CVD is cheap and it can provide a reasonable good quality (grain boundaries and 

wrinkles still exist, see Figure 3.2f), and for this reason it is one of the most commonly 

used synthesis methods (e.g. most graphene films commercially available are 

synthesized using this method [175-176]). However, the use of high temperatures (>800 

ºC) makes necessary the growth in an independent catalyst substrate and transfer onto 

the target substrate where the devices will be patterned. 

 Apart from the methods highlighted in Figure 3.2, many others have been 

reported, including arc discharge of graphite [177], electron beam irradiation of 
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polymethylmethacrylate (PMMA) nanofibers [178], conversion of nano diamond [179], 

and thermal fusion of polycyclic aromatic hydrocarbons (PAHs) [180]. An excellent 

revision of these methods is compiled in Ref. [181]. However, the fact that a novel 

synthesis method is reported does not mean much in the field of engineering, and we 

only consider seriously those methods that are adopted by the community and that are 

compatible with the industry of electronic devices and circuits.  

Many of the methods used to synthesize graphene can be also used to synthesize 

other 2D materials, such as h-BN. For example, the CVD method can be used to grow 

both graphene and h-BN. Similar to the CVD growth process of graphene [182-183], 

the main parameters that affect the quality and thickness of CVD grown h-BN stacks are 

the precursor, substrate position, growth time, growth temperature and gas flow rate 

dependent [184-185].  

 

3.2. Properties and applications of graphene 

 

Several research articles have characterized the properties of graphene, and 

reported excellent performances in many different experiments [186-189]. However, it 

is a fact that several research papers claimed highly questionable performances without 

providing enough rigorous experimental evidences, and many others continuously 

oversell the benefits of 2D materials while hiding or ignoring the drawbacks. As a result, 

one important part of the scientific community in this field thinks that 2D materials 

science has been heavily advertised with mere economic purposes, and that in fact their 

real potential is not as high as it has been claimed [190]. In this section we highlight 

those graphene properties that have been contrasted by several groups, and that have 

become widely accepted.  
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Graphene is an highly transparent material, as its light transmittance is around 

97.7% [186]. As expected, this value decreases with the number of graphene layers, i.e. 

the transparency of bilayer graphene is slightly above 95%. Moreover, it is considered 

to be the strongest material ever analyzed. By using nanoindentation method, it has been 

reported that the Young’s modulus of graphene is 1 TPa and its breakdown strain is 

125 GPa [187]. Moreover, graphene is flexible because the covalent bonds allow a 

certain degree of extension. Ref. [189] reported that the maximum length that a 

graphene flake can be stretched before breaking is around 20%. These three properties 

combined have been exploited to fabricate foldable and transparent prototype devices, 

such as touch screens [191] and folding organic light emitting diodes (OLED) [192].  

In the field of electronics, graphene is outstanding thanks to its gigantic electron 

and holes mobility, which can be as high as ~ 15000 cm2/V·s at room temperature [136]. 

The reason is that graphene has zero band gap, i.e. the conduction and valence bands 

meet at the Dirac points, so that the electrons and holes can move from one band to the 

other easily. The thermal conductivity of graphene, which also plays an important role 

in electronic devices, is also impressive. The thermal conductivity of graphene in-plane 

(heat transfer within the 2D sheet) has been reported to range from 4840 ± 440 W/mK 

to 5300 ± 480 W/mK [189] for suspended single layer graphene at room temperature, 

and it can be influenced by interfacial interactions (e.g. edges and atomic defects). 

However, the out-of-plane thermal conductivity of graphene is relatively low since heat 

transfer in this case is limited by the weak plane-to-plane Van der Waals interactions. 

As reported, the out-of-plane thermal conductivity of pyrolytic graphite is 6 W/mK [193] 

at room temperature. Based on these properties, graphene has been used in prototypes of 

transistors [194], RS based NVMs [97], photodetectors [195], locked-mode laser [196], 

optical polarization controller [197], and batteries [198]. 
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It has also been reported that graphene is chemically very stable, which in theory 

makes it resistant to oxidation [199] and impermeable to any kind of species [200]. This 

property has attracted the attention of scientists trying to develop a barrier layer for 

liquids, vapors and gases [201]. Some reports claimed the use of graphene as anti- 

oxidation layer [202-203], but later reports demonstrated them wrong [171, 204-206]. 

Basically, the issue here is that graphene defects can still promote local oxidation, 

which propagates fast to other defect-free areas due to galvanic effects. However, in the 

field of electronic devices this property may still be interesting to avoid massive 

contamination of some layers. Several groups observed that graphene was deposited 

between the top electrode and the insulator in a MIM-like RS device, and it was 

demonstrated graphene can block the migration of oxygen ions from the insulator into 

the electrode [97, 207]. However, local atomic rearrangements between the electrode 

and insulator in MIM-like RS devices are still possible even if 6-12 layers graphene is 

inserted between them [85]. 

It should be highlighted that each of these properties may have been measured in 

graphene produced by different methods. Therefore, when using graphene samples 

fabricated with a specific method, its properties and limitations shoud be understood. 

 

3.3. Results and discussion 

 

In this section we investigate the stability of graphene against air exposure when 

placed on metallic substrates, and also when used as channel in FETs. The idea is to 

assess if graphene can be used as electrode or channel directly in contact with air, or if 

the performance will be degraded. For this study we used graphene grown by CVD 

methods on Cu substrates, and the samples have been purchased in ACS Materials 
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(which has passed several strict quality controls). The first set of experiments was 

carried out on the as-received samples, in which the Cu substrate used for the CVD 

growth also plays the role of bottom electrode. The morphology of the samples has been 

analyzed using SEM and AFM, and the electrical properties by collecting current maps 

and I-V curves via CAFM. The I-V curves collected have been also analyzed using 

theoretical charge transport models. The second set of experiments consisted on 

fabricating single back gate FETs using the graphene as channel, an experiment that 

required transferring the graphene sheet. The source and drain electrodes were deposited 

by photolithography, electron beam evaporation and lift off, and the FETs have been 

characterized in the probe station.  

In Article 4 and Article 5 we observe that the optical and electrical properties of 

graphene can degrade gradually when exposed to oxidative environments for different 

periods of time (1, 4 and 10 hours). The main two main ageing mechanisms for the 

oxidation of the graphene sheets are: i) adhesion of oxygen atoms at the local defects 

(i.e. dangling bonds are available); and ii) oxidation of Cu below pristine (defect-free) 

graphene domains by lateral propagation, which can form thin oxide layers with an 

equal oxide thickness (EOT) below 2 nm. Oxidized locations consist on Cu oxide (i.e. 

what oxidizes is the substrate, not the graphene), although it may be very rich in C 

atoms from the graphene sheet. We also observe that the ageing of graphene channels 

can influence the electrical performance of graphene based FETs. The main objective of 

this study is to help the designers electronic devices to understand better how they will 

deteriorate when using graphene electrodes.  



- 64 - 

 

Article 4

 



- 65 - 

 

Article 4

 



- 66 - 

 

Article 4

 



- 67 - 

 

Article 4 

 



- 68 - 

 

Article 4 

 



- 69 - 

 

Article 4 

 



- 70 - 

 

Article 4 

 



- 71 - 

 

Article 4 

 



- 72 - 

 

Article 4 

 



- 73 - 

 

Article 4 

 



- 74 - 

 

Article 4 

 



- 75 - 

 

Article 4 

 



- 76 - 

 

Article 4 

 



- 77 - 

 

Article 4 

 



- 78 - 

 

Article 4 

 



- 79 - 

 

Article 4

 



- 80 - 

 

Article 4

 



- 81 - 

 

Article 5 

 



- 82 - 

 

Article 5

 



- 83 - 

 

Article 5 

 



- 84 - 

 

Article 5 



- 85 - 

 

3.4. Hexagonal boron nitride 

 

After the successful synthesis of graphene from graphite, the synthesis of other 

2D materials and their combination in heterogeneous van der Waals structures has 

attracted tremendous attention [47, 208-209]. Initially the main application boosting 

research in 2D materials was FETs. The problem in this direction is that graphene has 

no energy band gap, and therefore the FETs could not be switched off [210]. Rapidly, 

2D transition metal dichalcogenides (TMDs) with non-negligible band gap were 

synthesized (MoS2, WS2, MoSe2) [211], allowing the fabrication of transistors with high 

(>108) ON/OFF current ratios [212]. However, the key material in most electronic 

devices is the dielectric, as it is the one that produces the physical phenomena needed to 

make the devices work, such the capacitance effect needed to create the channel of a 

FETs, or RS needed to change the state of a memristor. Moreover, most of the front end 

of line (FEOL) reliability problems are related to the degradation of the dielectric [213-

214]. Therefore, the study of 2D dielectrics is essential for the development of 2D 

materials based devices. 

In this work we will concentrate on the study of a 2D layered dielectric called h-

BN. The lattice structure of h-BN (see Figure 3.3) is very similar to that of graphene, 

with the only main difference that the hexagons are formed by B and N atoms 

interrelated, i.e. one B atom bonds with three N, and one N bonds with three B. This 

atomic distribution dotes h-BN with a band gap of 5-6 eV [215-216], and a dielectric 

constant of of 3-4 [217-218]. Similar to graphene, h-BN holds impressive chemical 

stability (>1500 ºC) [219-220], high dielectric strength (12 MV/cm) [221], high in-plane 

thermal conductivity (>600 W/mK for monolayer h-BN) [222], superb mechanical 

strength with a Young’s modulus of 0.865 TPa and a fracture strength of 70.5 GPa 

[223], excellent flexibility with an elastic modulus of 0.5-0.6 TPa [224], and high 
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transparency of 99% in a range of wavelengths from 250 nm to 900 nm [225]. It is 

worth to note that the in-plane thermal conductivity of monolayer h-BN (600 W/mK) is 

larger than the bulk/few layers h-BN (100-390 W/mK) [226-231], because the phonon-

phonon scattering reduces in thinner stacks. For multilayer h-BN, both the intrinsic 

phonon-phonon scattering and out-of-plane vibrations play important roles in 

determining its thermal conductivity. Compared to monolayer h-BN, the interlayer 

interaction and coupling in h-BN causes the reduction of its thermal conductivity. We 

emphasize this property because it is essential in electronic devices, and it strongly 

alters the BD (which is a temperature-assisted process [232-234]). For example, a recent 

report demonstrated that monolayer h-BN reaches the HBD without any signal of 

surface modification, a unique behavior that has never been observed in any other 

dielectric (including multilayer h-BN) [235]. 

 

 
 

 
 

Figure 3.3. (a) Top view high resolution TEM (HRTEM) image of multilayer h-BN. (b) 

Cross sectional TEM image of 17 layers h-BN. Reproduced with permission from Refs. 

[236] and [85], copyright 2011 Royal Society of Chemistry and 2017 Wiley. 

 

The methods used until now for growing h-BN are very similar to those used for 

graphene. h-BN has been successfully synthesized by mechanical exfoliation [237-240], 

liquid phase exfoliation [236, 241], chemical exfoliation [242], sputtering [243-244], 

molecular beam epitaxy (MBE) [245-246] and CVD [217, 247-269]. The advantages 
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and disadvantages of these methods are the same as those have been discussed for 

graphene synthesis in section 3.1. Like in the case of graphene, CVD is one of the most 

used methods for obtaining h-BN. Different precursors have been used for the CVD 

growth of h-BN, including BCl3/NH3 [247-248], BF3/NH3 [249-250], B2H6/NH3 [251-

252], B10H14/NH3 [253], borazine [217] and ammonia borane [254]. And until now, 

researchers have succeeded to grow h-BN by CVD on different substrates, such as Ni 

[255-258], Cu [259-265], Pt [266], Al2O3 [268], Fe [269] and SiO2 [267]. 

As in the case of graphene, several works have reported the use of h-BN in 

prototype applications. In the field of electronics, it has been demonstrated that h-BN 

can be used as substrate for enhancing the mobility of graphene based FETs. Basically, 

this is possible because h-BN is atomically flat and its surface is free of dangling bonds, 

which reduces scattering effects [236]. h-BN has been also used as dielectric in FETs 

[270-271]. The high chemical stability, excellent impermeability and electrical insulation 

make it a competitive passivation layer to avoid massive oxidation [272-274]. In this 

field h-BN protects from oxidation much better than graphene, as it is insulating and 

produces no galvanic effect. Recent studies show that 2D h-BN can also show 

piezoelectricity due to its ionic crystal structure where different elements occupy two 

sublattices, and the lattice points are not the symmetry centers [275-277] (this is also an 

advantage compared to graphene). The observation of piezoelectric effect in h-BN 

enables its application as sensor and actuator. The optical properties of h-BN in the 

range of visible light and ultraviolet light, make it an attractive material for photon 

emission [278], ultraviolet lasing [215], and deep ultroviolet detectors [279]. However, 

all these applications have been only demonstrated in prototypes, and unfortunately 

most of those research articles conduct deep reliability tests, but just proof-of-concept 

demonstrations. 
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3.5. Results and discussion 

 

In this section we investigate the properties of monolayer, bilayer and trilayer h-

BN grown on Cu foils by CVD, both at device level and at the nanoscale. The h-BN/Cu 

samples have been acquired from Graphene Supermarket. Many other studies have used 

the BN samples from Graphene Supermarket in their works [280], which ensures an 

acceptable quality. The as-grown h-BN/Cu samples have been characterized by XPS, 

CAFM, and SEM. Au/Ti/h-BN/Cu devices have been fabricated by e-beam evaporation 

via a laser-patterned shadow mask, and measured in a probe station combined with a 

Keithley 4200 SPA. Moreover, the electrical properties of monolayer h-BN samples 

have been compared with those of 2 nm HfO2 films (deposited by sputtering) on 

Pt/SiO2/n-Si substrates. 

In Article 6 we demonstrated that monolayer h-BN (0.33 nm thick) is much 

more reliable than 2 nm HfO2 (i.e. six times thicker). First, the topography and current 

maps collected via CAFM on h-BN/Cu samples show clearly the wrinkles and 

multilayer islands, and both of them are manifested as insulating regions. Second, 

sequences of I-V curves collected at a single location of the 2 nm HfO2 show initial 

charge trapping and de-trapping, followed by SILC and BD. On the contrary, when 

applying similar I-V curves to monolayer h-BN no change on the conductivity is 

observed (even if the number of I-V curves applied is three times higher). Third, the 

dielectric breakdown of bilayer h-BN takes place layer-by-layer, as in the case of 

exfoliated h-BN. This indicates that the h-BN domains may be free of lattice defects. 

However, device level tests reveal that monolayer h-BN contains cracks, as most 

devices are shorted. By using multilayer h-BN, metal/h-BN/metal devices have been 

fabricated, and we observe instabilities on the BD, which suggest the presence of RS in 

the h-BN film.  
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Chapter 4:  

Introduction of 2D materials in  

resistive switching devices 

 

In this chapter we present the main achievement of this PhD thesis: the 

development of metal/h-BN/metal devices that hold several synaptic behaviors, and that 

show strong potential for being used as electronic synapse. In section 4.1 we present an 

overview about BD and RS phenomenon in h-BN. In section 4.2 we present the first 

demonstration of RS in multilayer h-BN, and fabricate graphene/h-BN/graphene RS 

devices. The use of h-BN based RS devices as electronic synapses will be introduced in 

section 4.3, and our results in this direction are presented in section 4.4. 

 

4.1. Dielectric breakdown and resistive switching in hexagonal boron nitride 

 

The performance of h-BN stacks as dielectric can be analyzed by measuring the 

tunneling current across it using different nanoscale [281-287] and device level [288-

289] approaches. Ref. [290] studied the electron tunneling current across ultra thin h-

BN stacks (synthesized by mechanical exfoliation) using CAFM. Their results indicate 

that h-BN shows very homogenous tunneling current, and that the tunneling current 

across h-BN increases in a factor 50 when the thickness of the stack is reduced in one 

layer. Ref. [291] combined a CAFM with a SPA to observe the BD of (mechanically 

exfoliated) h-BN stacks with different thicknesses. Their results indicate that the BD 

event takes place layer-by-layer, and they even claim that the BD may not follow the 
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percolation model [292]. While the claim of layer-by-layer BD has been confirmed later 

by us (see Article 6), other groups disagreed with that observation and indicated that the 

BD in h-BN strictly follows the percolation model [293]. Our opinion is that this needs 

to be confirmed in real devices, as both studies were carried out using a CAFM, which 

is not the best method. Moreover, the experiments in Ref. [290] have been carried out in 

h-BN obtained by mechanical exfoliation, while those in Ref. [293] have been 

conducted in CVD-grown graphene. In the case of being true that h-BN BD does not 

follow the percolation model, it may have very iportant implications in the reliability 

predictions for h-BN based devices.  

In Ref. [290] is has been observed that the BD in multilayer h-BN produces a 

hole and material removal. This observation was confirmed in CVD-grown multilayer 

h-BN [293]. Therefore, it seems that there is no big expectation to observe RS in h-BN. 

However, our device level experiments in Article 6 suggest that, when devices are 

studied, current fluctuations similar to unstable RS have been observed. Therefore, 

conducting more experiments to explore this behavior are necessary. In the next section 

(Article 7) we present the first observation of RS in multilayer h-BN stacks [85]. The 

key point is that the h-BN stacks contain local defects that reduce the energy to BD and 

produce a local SBD that can be later recovered. Ref. [294] also claimed the observation 

of bipolar RS in multilayer h-BN, but their cross sectional TEM images do not show 

layered structure, i.e. their structure is clearly amorphous (see Figure 4.1a). As 

amorphous BN and multilayer h-BN have completely different properties, this work 

should not be considered. In fact, the authors of Ref. [295] also claimed the fabrication 

of graphene/h-BN van der Waals heterostructures, but in this case their cross sectional 

TEM images are even worse. Demonstrating layered structure using cross sectional 

TEM is of utmost important when studying the use of h-BN as dielectric. 
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Figure 4.1. (a) and (c) are cross sectional TEM images of the multilayer h-BN used in 

Ref. [294] and in our work (Ref. [85]). (b) and (d) are the typical switching 

characteristics of the metal/h-BN/metal devices in the work of Ref. [294] and our work, 

respectively. Reproduced with permission from Refs. [294] and [85], copyright 2016 

Wiley and 2017 Wiley. 

 

4.2. Results and discussion 

 

In our study, we have fabricated an entire family of MIM-like RS devices using 

multilayer h-BN as dielectric, and using Ti, Cu, Au and multilayer graphene (MLG) as 

dielectric, leading to metal/h-BN/metal and metal/MLG/h-BN/MLG/metal structures. 

The metal/h-BN/metal devices have been fabricated without the need of transfer process, 

i.e. top electrodes have been evaporated directly on the surface of the h-BN/Cu stacks 

using a laser-patterned shadow mask. The devices using MLG required the use of a 

transfer process. After fabrication, the devices have been characterized by optical 
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microscopy, SEM, CAFM, probe station (using a Keithley 4200 SPA), cross sectional 

TEM assisted by focused ion beam (FIB) and EELS. In total more than 300 devices 

have been characterized in our investigation. 

Article 7 presents the first observation of RS in multilayer h-BN. By tuning the 

structure of the sample and the current limitation, the RS can be bipolar or threshold. 

The cross sectional TEM images show clear defective paths in the native samples (as-

grown), and EELS profiles reveal that the filament is formed by a large amount of metal 

penetration, which is assisted by the formation of B vacancies in the h-BN stack. This 

study reports for the first time the first coexistence of bipolar and threshold RS in a 2D 

material. Article 8 uses a RS model based on the nonliner Landauer approach to 

describe the conduction in HRS and LRS. The calculations fit accurately the 

experimental results, and indicate that the RS across h-BN is a local phenomenon that 

can be described by the formation and rupture of one/few CFs. These calculations 

strongly supports the fact that RS across h-BN is a filamentary phenomenon. Article 9 

uses the software GinestraTM from MDLab to calculate the possible mechanism for RS 

in the h-BN. According to the smulations, the best way to fit the results in Au/Ti/h-

BN/Cu devices is to introduce an TiBX at the Ti/h-BN interface, which fits very well 

with the observation of B migration towards the anode (Ti) electrode during the forming 

and set processes.  
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4.3. Hexagonal boron nitride based electronic synapses 

 

As mentioned in Chapter 1, MIM-like RS cells are the most promising candidate 

devices for implementing electronic synapses in neuromorphic systems. The main idea 

behind such claim is that MIM-like RS cells are two-terminal devices that can modulate 

their conductivity depending on the electrical impulses (spikes) applied, which is very 

similar to what happens in biological synapses that connect two neurons (called pre- and 

post- neuron, see Figure 4.2) [33]. In fact, even the MIM structure is very similar to that 

of a biological synapse, which is a 20-40 nm gap junction between the two neurons [34].  

 
 

Figure 4.2. Conceptual schematic of using MIM-like RS devices as electronic synapses 

between neurons. The inset is the structure of the RS devices. Reproduced with 

permission from Ref. [33], copyright 2010 American Chemical Society. 

 

However, using RS devices to fabricate electronic synapses requires deep 

understanding of the dynamics of biological synapses, the interaction between neurons, 

and the functioning of neural networks. Unfortunately, the accurate functioning of the 

brain is still very unknown, there is no consensus about its actual functioning and, 
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consequently, there is no consensus on the performances that RS devices need to exhibit 

in order to implement correctly the functionalities of biological synapses. In the 

literature we do not find any single research article or roadmap that accurately describes 

the technological requirements for electronic devices when used to emulate biological 

synapses [9, 296]. In fact, so far even biologists still do not understand how neurons 

interact to each other, so any claim made by electronic engineers would be inaccurate.  

Nevertheless, by measuring the electrical signals produced by neurons and 

electronic synapses using external equipment, it has been confirmed that intelligence 

and learning are mental processes strongly linked to the formation and modification of 

electrical connections between neurons, and biologists have been able to readily 

distinguish specific trends [297-299]. These trends are called synaptic behaviors, and 

consist on resistance changes in the biological synapses depending on the electrical 

impulses released by the neurons. The most significant synaptic behaviors are: i) STP. 

This behavior consists on the temporal modification of the conductance of the synapse 

(also called potentiation or depression) during short intervals of time (from milliseconds 

to minutes), and after that they fade away to its initial state; ii) LTP is similar to STP, 

but in this case the potentiation/depression state can last for minutes, hours and even 

years; iii) STDP is a synaptic behavior that indicates how the conductivity of the 

synapse varies with the time interval between electrical impulses (spikes) released by 

the pre- and post- neurons [34, 300]; iv) Spike rate dependent plasticity (SRDP) is a 

synaptic behavior in which the strength of the synapse is highly proportional to the pre-

neuron spiking rate [301]. Other processes, such as synapse relaxation (i.e. process of 

conductance decrease after a spike), are not strictly synaptic behaviors (because do not 

depend on the interaction neuron-synapse), but play a very important role in the other 

synaptic behaviors (e.g. correct synapse relaxation is essential for stable STP).  
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Several devices have been suggested as the hardware that can implement such 

synaptic behaviors, and the MIM-like RS structure is the one that has shown the best 

accuracy and lowest power consumption [9, 33, 296, 300]. These two reasons, plus the 

attractive low cost of RS devices, has boosted the research on neuromorphic devices. 

However, unfortunately most of the research articles in this direction are basically 

works using traditional RS devices for information storage in which the authors replace 

keywords in order to make the research sound more fashion and timely (e.g. RS device 

is named electronic synapse, electrical pulse is named spike, set is named potentiation, 

reset is named depression, and conductance is named synaptic weigh, among others), 

but in fact they do not provide any significant advance in the field.  

Nevertheless, some groups managed to make really important contributions in 

this field. For example, Ref. [33] demonstrated the STDP synaptic behavior by using a 

MIM structure based RS devices that work due to the penetration of silver ions. Ref. [27] 

compared the retention loss in tungsten oxide based RS devices with the human 

memory loss, and observed STP can be converted into LTP by repeated stimulations. 

This has been further demonstrated in Ref. [302], which transforms STP to LTP by 

using several nonvolatile RS devices activated using a programming algorithm for 

repeated stimulation. Ref [303] combined a volatile RS device and a non-volatile RS 

device in series, and they can show both STP and LTP synaptic behaviors. The 

combination of STP and LTP in a single device is very desirable, since the STP and 

LTP in an integrated neuromorphic system by CMOS technologies is very expensive 

and complex, and with more consumption of area and power [303]. Despite these 

advances, it is still very challenging to control the relaxation process and achieve low 

variability in the synapses, as well as transferring between STP and LTP in ca 

controlled manner. Table 4.1 displays a brief summary of current developments for 
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emulating these synaptic behaviors using MIM-like RS devices. In our opinion, intense 

research in MIM-like RS structures may bring new breakthrough and significant 

advances in the field of neuromorphic computing. 

 

 
 

Table 4.1. A summary of the current RS devices for mimicking the synaptic plasticity. 

Reproduced with permission from Ref. [300], copyright 2017 Frontiers Media. 

 

4.4. Results and discussion 

 

Two kinds of multilayer h-BN stacks grown by CVD method have been used, 

including 5-7 layers h-BN on Cu and 15-18 layers h-BN on Cu. The 5-7 layers h-BN 

has been grown by CVD on Cu foils at Stanford University, and the 15-18 layers h-BN 

has been purchased from Graphene Supermarket. Vertical metal/h-BN/metal electronic 
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synapses based RS devices with different sizes (ranging from 50 µm × 50 µm down to 

150 nm × 200 nm) have been fabricated by photolithography, e-beam lithography and e-

beam evaporation. The morphology of the metal/h-BN/metal synapses has been studied 

by optical microscopy, SEM, and AFM (in tapping mode). The electrical performance 

of the these synapses has been studied by probe station at the device level and by 

CAFM at the nanoscale. The RS mechanism of these devices has been also studied by 

cross sectional TEM combined with EELS.  

In both Article 10 and Article 11, the layered structure of the CVD-grown h-

BN stacks has been confirmed by cross sectional TEM. We have statistically collected 

cross sectional TEM images with very high spatial resolution below 1 nm along the 

volume of our h-BN. Our observations indicate excellent and continuous layered 

structure over more than 3 µm (i.e. more than consecutive 80 TEM images, one next to 

each other). To the best of our knowledge, this is the largest area ever characterized for 

any 2D material with sub-nanometer resolution, and the quality of our samples are even 

better than those commercially available (i.e our samples have more percentage of 

larger area and less defective regions). Article 10 shows the coexistence of volatile and 

non-volatile RS in Au/Ti/h-BN/Cu devices with large device sizes (50 µm × 50 µm and 

25 µm × 25 µm) by controlling the CL used. This result has been further demonstrated 

by Article 11 in h-BN based RS devices with smaller sizes (5 µm × 5 µm and 150 nm × 

200 nm) and different top electrodes (Ti and Ag). Moreover, in Article 11, we have also 

observed volatile RS in h-BN stacks in situ at nanoscale by collecting sequences of I-V 

curves using the CAFM, which indicates excellent potential for an extreme scalability. 

The coexistence of both mechanisms allows emulating several synaptic behaviors (e.g. 

STP, LTP, STDP, SRDP and relaxation) in a single h-BN based RS device with low 

energy consumption. 
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Chapter 5: 

Conclusions and perspectives 

 

In conclusion, in this PhD thesis I carried out an investigation on resistive 

switching (RS) at both the device level and the nanoscale, explored the synthesis of 

different 2D materials for RS applications, and inserted them in the structure of 

metal/intulator/metal (MIM) RS devices. During these five years investigation I have 

learned how to deposit high-k dielectrics by atomic layer deposition (e.g. HfO2, Al2O3 

and TiO2), and how to grow 2D materials by chemical vapor deposition (e.g. graphene 

and hexagonal boron nitride, h-BN). I have learned how to perform the experiments in a 

clean environment, how to clean the wafers meticulously, and how to manipulate and 

transfer the 2D materials to avoid cracks and wrinkles. I have measured the intrinsic 

properties of the materials using several characterization tools, and I have fabricated 

MIM-like RS devices by photolithography (50 µm × 50 µm) and electron beam 

lithography (150 nm × 150 nm), combined with metal deposition techniques. Helped by 

collaborators, I have analyzed the experimental observations using different theoretical 

models and computational methods.  

In the first part of my thesis I have analyzed the presence of RS in high-k 

dielectrics, mainly at the nanoscale using an enhanced CAFM setup. I have selected 

HfO2 because is one of the materials that has shown the best performances. My 

experiments indicate that: 

 

• Polycrystalline HfO2 thin films (annealed at 400 ºC) exhibit RS only at the GBs. 

The nanocrystals show large breakdown (forming) voltage (>12 V), and the GBs 

show low breakdown (forming) voltage (<6 V). Therefore, locations with a 
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lower forming voltage favor the generation of RS. The observation of RS at the 

nanoscale is possible thanks to the connection of a semiconductor parameter 

analyzer to a CAFM working in dry nitrogen atmosphere, which allows applying 

high voltages (>10V), measuring high currents (up to 1 mA), applying current 

limitation, and avoiding local anodic oxidation when measuring bipolar currents. 

• In polycrystalline HfO2 thin films (annealed at 400 ºC), the GBs show to be 

mechanically weaker. The CAFM tip can make holes at the GBs by applying a 

contact force of 50 nN (without bias) while no hole forms at NCs (even when 

applying higher contact forces). The size of the holes generated by the 

mechanical stress is similar to the size of CFs generated by the electrical stress.  

 

After observing that the mechanical strength plays an important role in the RS, I 

decided to study RS in 2D materials, which have a very high mechanical strength. 

However, before that I decided to study some intrinsic properties of the material. For 

my investigation, I selected graphene and h-BN because one is conductive and the other 

is insulating, which are the two types of materials normally used in RS devices. My 

main observations are: 

 

• The stability and reliability of graphene electrodes in oxidative environments has 

been evaluated. We have immersed the CVD-grown graphene/Cu stacks in H2O2 

for different times (1, 4 and 10 hours), and found that the graphene/Cu stacks 

can degrade by oxygen adhesion to local defects to form CuOX. While this effect 

was already known, we discover that the pristine (defect-free) regions below the 

graphene also show an oxidative behavior. These areas become insulating, with 

an equivalent oxide thickness of 2 nm.  
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• We achieve to grown premium quality multilayer h-BN by chemical vapor 

deposition. The excellent and continuous layered structure of the h-BN has been 

demonstrated by collecting more than 80 consecutive cross sectional 

transmission electron microscopy (TEM) images with sub-nanometer resolution, 

covering an area of more than 3 µm. To the best of our knowledge, this is the 

most exhaustive TEM study with atomic resolution carried out in any 2D 

material, and the percentage of layered area observed is even higher than in 

commercial samples. 

• Monolayer h-BN (0.33 nm thik) shows a better reliability and higher dielectric 

strength than 2 nm HfO2 films when exposed to more than 100 I-V curves. We 

also confirm previous observations on layer-by-layer dielectric breakdown in 

multilayer h-BN.  

 

Finally, I have analyzed the presence, quality and origin of RS in 2D materials, 

and we have successfully fabricated 2D materials based RS devices. The integration has 

not been easy, as these materials require an special manipulation. After analyzing more 

than 300 metal/h-BN/metal RS devices we can conclude that they may used as 

electronic synapses. The main conclusions of my work are: 

 

• Au/Ti/h-BN/Cu devices exhibit the coexistence of bipolar and threshold RS, 

which can be controlled by using different current limitations. The devices do 

not require forming process, due to the present of native defects in the h-BN 

stack during the growth.  

• Doping the Cu substrate with Ni results in a lower amount of native defects, 

which reduces the current in high resistive state (but these devices require the 
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use of a forming process). For both Cu and Ni-doped Cu electrodes, the current 

ON/OFF ratio can be improved by increasing the thickness of the h-BN stack.  

• In Au/Ti/graphene/h-BN/graphene/Au devices the switching voltages increase 

and the currents in high resistive state are smaller than in the devices without 

graphene. The most probable reason for this observation is that multilayer 

graphene can block and slow down the migration of ions between the h-BN and 

the top electrode. 

• Multi-scale simulations using GinestraTM software from MDLab have been used 

to calculate the switching mechanism in Au/Ti/h-BN/Cu devices, which reveals 

the out-of-plane boron diffusion. This phenomenon can produce the formation of 

a TiBX layer at the interface between the Ti electrode and h-BN stack. 

• The currents driven during high resistive state and low resistive state in metal/h-

BN/metal and also in graphen/h-BN/graphene RS devices can be fitted using a 

compact mode based on the nonlinear Landauer approach. This strongly 

indicates that the switching is governed by the formation an disruption of 

one/few conductive filaments. 

• Cross sectional transmission electron microscopy images demonstrate the 

formation and disruption of conductive filaments during the switching. Electron 

energy loss spectroscopy profiles indicate that the conductive filaments formed 

and disrupted across the h-BN stacks are made of metallic ions penetrating from 

adjacent electrodes, and this is always accompanied by severe boron vacancies 

migration from the h-BN stack to the anode electrode. 

• Metal/h-BN/metal devices can be used as electronic synapses, as they are able to 

emulate several synaptic behaviors in a single RS device (e.g. short term 

plasticity, long term plasticity, spike timing dependent plasticity, synapse 
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relaxation). The working regime can be controlled by tuning the amplitude, 

duration and interval of the applied electrical impulses applied.  

• Metal/h-BN/metal electronic synapses show an unprecedented relaxation process 

with very low variability in hundreds of cycles, and the power consumption is 

very low in both standby and volatile regime (i.e. 0.1 fW and 600 pW, 

respectively). 

 

 The natural continuation of my work would be to tune the structure of the 2D 

materials based RS devices in order to optimize their electrical characteristics, and 

further analyze if they can show additional synaptic behaviors. Another (related) 

possibility is to study the electrical properties of heterogeneous van der Waals structures, 

including also other 2D materials that have shown RS, such as MoS2. While the 

electrical properties of 2D materials have been extensively analyzed in-plane, many 

questions about the electrical properties out-of-plane in multilayer heterostructures 

remain unsolved. I am convinced that many other fascinating performances and 

applications may be waiting for being discovered ! 
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Appendix B: Summary in official language 

 

En esta tesis doctoral he desarrollado una investigación sobre la modificación de la 

resistividad de diversos materiales a escala nanométrica y he estudiado la síntesis de 

diferentes materiales bidimensionales para su aplicación en memristores. Durante estos 

cinco años he aprendido a depositar materiales de constante dieléctrica alta mediante la 

técnica atomic layer deposition (HfO2, Al2O3 y TiO2), y también a crecer materiales 

bidimensionales mediante la técnica chemical vapor deposition (grafeno y nitruro de 

boro hexagonal). He aprendido a realizar los experimentos en un ambiente limpio, a 

limpiar las muestras de forma exhaustiva, y a manipular los materiales bidimensionales 

para evitar su fractura y la formación de arrugas. He medido las propiedades intrínsecas 

de los materiales utilizando diferentes equipos de medida, y he fabricado dispositivos 

con estructura metal/aislante/metal mediante fotolitografía (áreas de 50 µm × 50 µm) y 

mediante litografía con haz de electrones (áreas de 150 nm × 150 nm). La deposición de 

los electrodos la he realizado por medio de electron beam evaporator y sputtering. 

Ayudada por mis colaboradores, he analizado los datos experimentales a través de 

modelos teóricos y simulaciones.  

En la primera parte de esta tesis he analizado la modulación de la conductividad en 

HfO2. He seleccionado este material porque es uno de los que han mostrado las mejores 

prestaciones. Mis experimentos indican que: 

 

• Las capas finas de HfO2 poli-cristalino (calentadas a 400 grados) exhiben 

modulación de la resistividad únicamente en las fronteras de grano. Los 

nanocristales exhiben una tensión de ruptura dieléctrica de unos 12 V, mientras que 

en las fronteras de grano es tan sólo de unos 6V. Por lo tanto, las posiciones con 
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una tensión de ruptura menor son las que muestran modulación de la resistividad. 

Estos experimentos han sido realizados (necesariamente) con un analizador de 

semicondutores conectado al microscopio de fuerzas atómicas (con punta 

conductora), en una atmósfera de nitrógeno en estado gaseoso. La combinación de 

estos dos equipos permite aplicar tensiones por encima de los 10 V, medir 

corrientes de hasta 1 mA, aplicar limitaciones de corriente, e impedir la oxidación 

local durante medidas bipolares.  

• En capas finas de HfO2 poli-cristalino (calentadas a 400 grados), las fronteras de 

grano son más débiles desde un punto de vista mecánico. La punta del microscopio 

de fuerzas atómicas produce agujeros en las fronteras de grano al aplicar una fuerza 

de 50 nN (sin aplicar tensión eléctrica), mientras que los nanocristales no muestran 

ninguna alteración. El tamaño de los agujeros generados por el estrés mecánico es 

muy similar al de los filamentos conductores generados durante el estrés eléctrico 

 

Después de observar que la estabilidad mecánica desempeña un papel importante 

en la modulación de resistividad, decidí estudiar este fenómeno en materiales 

bidimensionales, los cuales tienen unas excelentes propiedades mecánicas. Pero 

primero, quise estudiar algunas propiedades intrínsecas del material. En mi 

investigación he utilizado grafeno y nitruro de boro hexagonal, ya que el primero es 

conductor y el segundo es aislante, que son los dos materiales que se necesitan para 

fabricar memristores. Mis más observaciones más importantes son: 

 

• Electrodos de grafeno sobre metal pueden oxidarse al estar expuestos. Utilizando 

agentes de oxidación acelerada, observamos que electrodos de grafeno/Cu pueden 

oxidarse, especialmente en los defectos nativos del grafeno, donde el oxígeno 
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puede acumularse y formar CuOX. Mientras que este fenómeno ya era conocido, 

hemos descubierto que en las zonas de grafeno libres de defectos también se 

observa oxidación. En este caso es menor, pero su grosor de óxido equivalente 

equivale a 2 nm de SiOX. 

• Hemos sido capaces de crecer nitruro de boro hexagonal multicapa mediante 

chemical vapor deposition. Hemos tomado más de 80 imágenes laterales 

consecutivas con resolución atómica utilizando la técnica transmission electron 

microscopy, cubriendo un área superior a 3 µm, y observamos que la estructura 

contiene muchos menos defectos que otras muestras comerciales.  

• Al ser estresadas con más de 100 rampas de tensión, las monocapas de nitruro de 

boro hexagonal (0.33 nm) muestran una mejor fiabilidad y una mayor resistencia a 

la ruptura dieléctrica que 2 nm HfO2. También confirmamos previas observaciones 

sobre la ruptura dieléctrica capa a capa en nitruro de boro hexagonal multicapa.  

 

Finalmente, he analizado la presencia, calidad y origen de la modulación de 

resistividad en materiales bidimensionales, y hemos fabricado satisfactoriamente 

memristores hechos con materiales bidimensionales. La integración no ha sido sencilla, 

ya que estos materiales requieren una manipulación especial. Después de analizar más 

de 300 memristores con estructura metal/h-BN/metal, he llegado a la conclusión de que 

podrían ser utilizados como sinapsis electrónicas. Las principales conclusiones de mi 

trabajo son: 

 

• Los dispositivos con estructura Au/Ti/h-BN/Cu exhiben modulación de la 

resistividad de tipo umbral y bipolar. El régimen de trabajo se puede controlar a 

través de la limitación de corriente. Los dispositivos no requieren proceso de 
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formación, debido a la presencia de defectos nativos en la capa de nitruro de boro 

hexagonal. 

• Dopar el substrato (hecho de cobre) con níquel reduce el número de defectos 

nativos, lo que produce una reducción de la corriente en estado de alta resistividad 

(pero estos dispositivos requieren proceso de formación). Tanto para sustratos de 

cobre como níquel, el ratio de corriente entre los dos estados resistivos puede ser 

aumentado incrementando el grosor de la capa de nitruro de boro. 

• En estructuras Au/Ti/grafeno/h-BN/grafeno/Au las tensiones de transición de 

estado son más altas y las corrientes en estado de resistividad alta son más bajas, en 

comparación con dispositivos similares sin grafeno. La razón más probable es que 

las capas de grafeno dificultan el intercambio de iones entre el electrodo de metal y 

el nitruro de boro hexagonal.  

• Simulaciones multi-escala realizadas con el programa GinestraTM de la empresa 

MDLab indican que el mecanismo de modulación de la resistividad en dispositivos 

con estructura Au/Ti/h-BN/Cu está basado en la migración de boro, formando una 

capa de TiBX en la interfaz con el electrodo de titanio. 

• En dispositivos con estructura Au/Ti/h-BN/Cu las corrientes observadas en los 

estados de resistividad alta y baja se pueden describir con el modelo de Landauer. 

Esta observación indica que la modulación de la resistividad está gobernada 

mediante la formación y ruptura de uno o varios filamentos conductores. 

• Imágenes laterales realizadas mediante las técnicas transmission electron 

microscopy y electron energy loss spectroscopy indican que los filamentos 

conductores formados y rotos en el nitruro de boro hexagonal multicapa están 

hechos de iones metálicos procedentes de los electrodos adyacentes, y que este 

fenómeno siempre va acompañado de una abundante migración de iones de boro. 
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• Los dispositivos metal/h-BN/metal pueden ser utilizados como sinapsis 

electrónicas, ya que muestran comportamientos sinápticos en un único dispositivo. 

En nuestros dispositivos hemos observado short term plasticity, long term plasticity, 

spike timing dependent plasticity, y synapse relaxation. El régimen de 

funcionamiento puede ser controlado modificando la amplitud, duración e intervalo 

entre los pulsos aplicados. 

• Las sinapsis electrónicas hechas mediante estructuras metal/h-BN/metal muestran 

un proceso de relajación muy repetitivo y con una variabilidad extremadamente 

baja, y que nunca antes se había observado en ningún otro dispositivo. Además, el 

consumo de potencia es muy bajo tanto en reposo (0.1 fW) como en modo volátil 

(600 pW). 

 

La continuación natural de mi trabajo sería modificar la estructura de los 

memristores basados en materiales bidimensionales para optimizar sus características, y 

analizar si podrían mostrar prestaciones adicionales. Otra posibilidad (también 

relacionada) es estudiar las propiedades de estructuras de van der Waals heterogéneas, 

incluyendo otros materiales bidimensionales que también han mostrado modulación de 

la resistividad, como por ejemplo MoS2. Mientras que las propiedades de los materiales 

bidimensionales han sido analizadas exhaustivamente en el plano horizontal, en el plano 

vertical muchos interrogantes siguen sin ser resueltos. Estoy convencida de que muchas 

otras propiedades y aplicaciones aguardan a ser descubiertas ! 
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Appendix C: Acronyms 

 

2D   Two dimensional 

3D   Three dimensional 

AI   Artificial intelligence 

ALD   Atomic layer deposition 

BD   Dielectric breakdown 

CAFM   Conductive atomic force microscopy 

CF   Conductive filament 

CL   Current limitation 

CMOS   Complementary metal oxide semiconductor 

CPU   Central processing unit  

CVD   Chemical vapor deposition 

EELS   Electron energy loss spectroscopy 

EOT   Equal oxide thickness  

FEOL   Front end of line 

FET    Filed effect transistor  

FIB   Focus ion beam 

GBs   Grain boundaries 

GICs   Graphite intercalated compounds 

GO   Graphene oxide 

H2O2   Hydrogen peroxide 

HAADF-STEM High angle annular dark field scanning transmission electron 

microscopy 

HBD   Hard dielectric breakdown 
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h-BN   Hexagonal boron nitride 

HOPG   Highly oriented pyrolytic graphite 

ITRS   International Technology Roadmap for Semiconductors 

I-V   Current vs. voltage 

k   Dielectric constant 

LTP   Long term plasticity 

MBE   Molecular beam epitaxy 

MIM   Metal/insulator/metal 

NCs   Nanocrystals 

NVM   Non-volatile memory 

OLED   Organic light emitting diodes 

PAHs   Polycyclic aromatic hydrocarbons 

PMMA  Polymethylmethacrylate  

PPD   Paired pulse depression 

PPF   Paired pulse facilitation 

QPC   Quantum point contact 

RS   Resistive sw5itching 

RVS   Ramped voltage stresses 

SBD   Soft dielectric breakdown 

SEM   Scanning electron microscopy 

SPA   Semiconductor parameter analyzer 

SRDP   Spike-rate dependent plasticity  

STDP   Spike timing dependent plasticity 

STM   Scanning tunneling microscopy 

STP   Short term plasticity 
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TEM   Transmission electron spectroscopy 

TMDs Transition metal dichalcogenides 

TMO Transition metal oxides 

UV-Vis  Ultraviolet-visible 

VBD   BD voltage 

XPS  X-ray photoelectron spectrometer 
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