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Abstract

Dielectrics are insulating materials used in many different electronic devices (e.g.
capacitors, transistors, varistors), and play an important role in all of them. In fact, the
dielectric is probably the most critical element in most devices, as it is exposed to
electrical fields that can degrade its performance. Silicon dioxide (SiO2) has been
traditionally the most widely used dielectric material in the industry; however, the
scaling down of the devices required a reduction of the SiO- thickness, which provoked
a dramatic increase of the leakage current. This not only results in an increase of the
power consumption, but also on the failure of the devices and circuits. Current advanced
electronic devices use dielectric materials with a high dielectric constant (e.g. HfOg,
Al;03 and TiO) so that their thickness doesn't need to be reduced so much, and high
leakage currents are avoided. However, these materials show several intrinsic problems
(e.g. large density of native defects, crystallization at high temperatures), and also a bad
interaction with adjacent materials (e.g. rough interface with silicon, high diffusivity to
polysilicon gate, difficulty to be deposited on two dimensional [2D] materials).
Therefore, the race for finding a suitable dielectric material for current and future
electronic devices is still open.

In this context 2D materials have become a serious option, not only thanks to
their advanced properties, but also to the development of scalable synthesis methods.
Graphene has been the most explored 2D material for electronic devices, and it has been
used as channel in transistors, and as electrode in capacitors and memristors (among
others). However, graphene has no band gap, and therefore it cannot be used as
dielectric. MoS, and other 2D transition metal dichalcogenides (TMDs) are

semiconducting 2D materials that can provide more versatility in electronic devices (i.e.



they can increase the current ON/OFF ratio in transistors because the density of carriers
can be tuned via electrical field), but their small band gap difficult their use dielectric.

In this PhD thesis | have investigated the use of monolayer and multilayer
hexagonal boron nitride (h-BN) as dielectric for electronic devices, as it is a 2D material
with a band gap of ~5.9 eVV. My work has mainly focused on the synthesis of the h-BN
using chemical vapor deposition, the study of its intrinsic morphological and electrical
properties at the nanoscale, and its performance as dielectric in different electronic
devices, such as capacitors and memristors. Overall, our experiments indicate that h-BN
is a very reliable dielectric material, and that it can be successfully used in capacitors
and memristors. Its performance depends on several parameters, like the substrate on
which it is grown, the growth temperature, the growth time, the vacuum pressure, and
even the adjacent electrodes deposited. Moreover, h-BN shows additional performances
never observed in traditional dielectrics, such as volatile resistive switching, which may

also open the door for new applications.



Abstract in official language

Los dielé&stricos son materiales aislantes utilizados en muchos dispositivos
electrdnicos (por ejemplo condensadores, transistores, varistores), en los que juegan un
papel muy importante. En realidad, el diel&trico es probablemente la parte m&s crfica
en la gran mayor R de dispositivos electranicos, ya que casi siempre estaexpuesto a
campos eléetricos que pueden degradar sus prestaciones. El di&ido de silicio (SiO2) ha
sido el material aislante tradicionalmente utilizado en la industria; sin embargo la
miniaturizacic de los dispositivos requiriGuna reduccicn del grosor de los dielétricos
SiO2, lo que provocoun incremento dramd&ico de la corriente de fugas. Esto no sdo
produce un aumento de la energ B consumida, sino que también puede provocar el fallo
del dispositivo entero, e incluso del circuito donde se ha implementado. Actualmente los
dispositivos electrénicos m& avanzados utilizan materiales aislantes con una constante
dielé&trica alta (por ejemplo HfO2, Al203 y TiOz), y asino es necesario reducir tanto su
grosor, lo que mantiene una baja corriente de fugas. Sin embargo, estos materiales
muestran muchos problemas intr msecos (por ejemplo grandes cantidades de defectos
nativos, cristalizacicn a altas temperaturas), y tambié una mala interaccicn con
materiales adyacentes (por ejemplo una interfaz rugosa con el sustrato de silicio, una
alta difusividad hacia el electrodo de puerta si este estahecho de polisilicio, y gran
dificultad para ser depositado sobre materiales bidimensionales). Por lo tanto, la carrera
para encontrar un material dielé&trico ideal para dispositivos electrénicos sigue abierta.

En este contexto, los materiales bidimensionales se han convertido en una seria
opcidn, no sdo por sus excelentes propiedades, sino también gracias al desarrollo de
nuevos méodos de s mtesis escalables. El grafeno ha sido el material bidimensional m&

estudiado para dispositivos electrénicos, y ha sido utilizado como canal conductor en



transistores, y como electrodo en condensadores y memristores (entre otros). Sin
embargo, el grafeno no tiene una banda energéica prohibida, con lo cual no pude ser
usado como dieléetrico. MoS; y otros materiales derivados son bidimensionales
semiconductores que pueden aportar una mayor versatilidad al ser usados en
dispositivos electrénicos (por ejemplo pueden incrementar el ratio de corriente ON/OFF
en transistores porque la densidad de portadores puede ser controlada aplicando una
tensicn externa), pero su banda de energ &s prohibidas es muy pequefa, lo que dificulta
su uso como diel€étrico.

En esta tesis doctoral he investigado el uso de nitruro de boro hexagonal (h-BN)
monocapa y multicapa como material dielétrico en dispositivos electréicos, ya su
banda de energ Bs prohibidas es de ~5.9 eV. Mi trabajo se ha focalizado en la s ntesis de
h-BN mediante el mé&odo chemical vapor deposition, el estudio de sus propiedades
morfoldgicas y eléetricas a escala nanomérica, y el andisis de sus prestaciones como
dielétrico en diferentes dispositivos electrénicos (condensadores y memristores).
Nuestros experimentos indican que h-BN es un material dielétrico muy fiable, y que es
apto para su uso en dispositivos. Sus prestaciones dependen de diferentes parametros,
como el sustrato en el que ha sido crecido, la temperatura y el tiempo de crecimiento, el
nivel de vacD y presidn, e incluso los materiales usados como electrodos adyacentes.
Adem&, h-BN muestra propiedades adicionales nunca observadas en dieléetricos
tradicionales, como modulacicn voldil de la resistividad, lo que podr R extender su uso

a nuevas aplicaciones.



Chapter 1:

Dissertation Summary

1.1. Introduction

Thin dielectric films are key elements in a wide range of electronic devices, as they
can generate (for example) the capacitance effects required to form the conductive
channel in field effect transistors (FETS), or the resistive switching (RS) phenomenon
required to induce two logic (resistive) states in non-volatile memories (NVMs) [1-2].
With the scaling down of electronic devices, the traditionally used SiO; dielectrics
became too thin to withstand the electrical fields applied (that problem appeared first in
FETSs in the early 2000's, around the 45 nm technological node) [3], which threatened
the reliability of the devices due to prohibitive leakage currents and dielectric
breakdown (BD). The solution adopted by the industry was to replace the ultra thin SiO>
films by thicker high-k dielectric stacks (like HfO2, Al>O3 and TiO,); the thicker nature
of the high-k blocked the leakage current, and its higher dielectric constant produced a
similar capacitance effect than the thinner SiO2, which is required to make the devices
work. However, the introduction of high-k dielectrics in the semiconductors industry
generated several new problems, such as high density of native defects, interaction with
the polysilicon gate and Si substrate, severe inhomogeneities, polycrystallization at the
temperatures required during the manufacturing process of the devices (>400 <C), and
high scattering at the channel region [4-5]. Furthermore, high-k dielectrics interact very
badly with other advanced and very promising materials for future electronic devices,
such as two dimensional (2D) materials [6-7]. Therefore, research on alternative

dielectrics for high performance electronic devices is necessary.
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One excellent candidate material for becoming the dielectric of future electronic
devices is 2D hexagonal boron nitride (h-BN). 2D h-BN is an insulating material from
the family of graphene that exhibits several excellent physical [8], chemical [9],
electrical [10], mechanical [11], thermal [12], magnetic [13], and optical [14] properties,
and it has been already used in several electrical devices, such as: FETs [15], capacitors
[16], sensors [17], and memristors [18-20] (among others). However, the most relevant
dielectric behaviors, such as tunneling current [21-23], polycrystallization [24-25],
charge trapping and de-trapping [26-27], stress induced leakage current (SILC) [28],
dielectric strength [29], soft/hard BD [30], and RS [30-34], have never been analyzed in
depth in h-BN. Moreover, these behaviors will strongly depend on the method used to
synthesize the h-BN stacks [35], as different methods produce h-BN with different sizes,
morphologies and densities of defects. This PhD thesis presents a complete and deep
study about the synthesis of scalable h-BN stacks, and analyzes its performance as

dielectric in electronic devices.

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 provide useful knowledge that clarifies if
h-BN can be reliably used as dielectric in electronic devices. This task can be divided in
three objectives. The first one is to develop a scalable method to synthesize h-BN that
leads to high quality and low amount of defects. The second one is to characterize the
intrinsic properties of the materials synthesized, such as thickness, surface roughness,

density of defects, Raman signature, and percentage of B and N atoms. And the third is

-6-



to study its performance as dielectric by applying electrical stresses, both at the
nanoscale and at the device level. Another indirect goal of this thesis is to structure the
knowledge available until now about the use of h-BN as dielectric. This is important
because the first studies in this field didn't distinguish between h-BN stacks synthesized
using different methods, and also because we have detected some literature that (in our
opinion) reported irrelevant, unsupported and/or wrong claims. For this reason, this PhD
thesis includes, not only four research articles (in the format of letters and full papers),

but also two extensive review articles.

1.2.2. Key findings

In the first part of this thesis | present a deep literature review about the
synthesis, characterization methods and performance of h-BN as dielectric in electronic
devices. Article 1 is a review paper in which | analyze more than 179 references. We
make critical comments related to the different performances shown by h-BN grown by
different methods. Scalability of the synthesis process and its suitability for industrial
applications is one of the main criteria when classifying the knowledge available on the
use of h-BN as dielectric.

In the second part | describe the synthesis of multilayer h-BN on different
metallic substrates (Pt, Cu, and Fe) using chemical vapor deposition (CVD) approach,
and in all cases I check its performance as dielectric in real devices. In Article 2 and
Article 3 | grew the h-BN on Pt substrates. On this specific substrate we observe that
the h-BN shows important thickness inhomogeneities depending on the metallic grain
on which it is grown. While this is an undesired effect, nanoscale electrical
characterization via conductive atomic force microscopy (CAFM) reveals that the

electrical properties of the h-BN stacks (i.e. tunneling current) within one metallic grain
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are very homogeneous, much more than in high-k dielectric films (e.g. HfO, TiO). In
Article 4 | studied h-BN grown by CVD on Cu substrates, and | characterized the entire
BD process depending on the thickness. | found out that monolayer h-BN is extremely
resistant to changes in the morphology after the BD. In Article 5 | grew the h-BN on Fe
substrates, and fabricated a matrix of memristors that show both volatile and non-
volatile RS with low device-to-device variability.

Given the promising performance of h-BN as RS medium, in Article 6 | made
an extensive literature review about the use of this and other 2D materials in memristors.
This article analyzes more than 364 references, and contains 12 tables comparing the
structure, size, current window, endurance, retention, operation voltages, speed, power
consumption, transparency and flexibility of the 2D materials based memristors. | also

discuss the status and challenges to solve in this direction.

1.2.3. Thesis Outline

This thesis is divided in five chapters: Chapter 1 presents the dissertation
summary, which introduces the most relevant aspects of this thesis. Chapter 2 provides
a technical introduction about the structure and synthesis of h-BN, as well as its
reliability as dielectric. Chapter 2 features Article 1. Chapter 3 describes in depth the
synthesis of multilayer h-BN stacks by CVD approach, and analyzes the properties of
the h-BN stacks at the nanoscale (via CAFM) and at the device level (via probe station).
Chapter 3 has three sections, one dedicated to h-BN grown on Pt, another one for h-BN
grown on Cu, and another one for h-BN grown on Fe. In each study the experimental
results have been also compared with theoretical simulations. Chapter 3 features
Articles 2, 3 and 4. Chapter 4 presents a deep revision of the use of 2D materials as

dielectric in memristors, summarizing the best performances and discussing the main
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challenges. 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 evaluation of this PhD dissertation, although during my PhD | have

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

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

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

Article 1

Article 2

Fei_Hui, Chengbin Pan, Yuanyuan Shi, Yanfeng Ji, Enric Grustan-
Gutierrez, Mario Lanza, On the use of two dimensional hexagonal boron

nitride as dielectric, Microelectronic Engineering, 163, 119-133 (2016).

* Contribution: Deep literature revision, classifying the knowledge, and

writing the main parts of the manuscript.

Fei_Hui, Wenjing Fang, Wei Sun Leong, Tewa Kpulun, Haozhe Wang,
Hui Ying Yang, Marco A. Villena, Gary Harris, Jing Kong, Mario Lanza,
Electrical homogeneity of large-area chemical vapor deposited multilayer
hexagonal boron nitride sheets, ACS Applied Materials & Interfaces, 9,

39895-39900 (2017).

* Contribution: Growth of the h-BN using CVD furnace, characterization
of the material and devices, evaluation of the results and writing the

main parts of the manuscript.
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Article 3

Article 4

Article 5

Fei Hui, Xianhu Liang, Wenjing Fang, Wei Sun Leong, Haozhe Wang,
Hui Ying Yang, Marco A. Villena, Jing Kong, Mario Lanza, Uniformity
of multilayer hexagonal boron nitride dielectric stacks grown by
chemical vapor deposition on platinum and copper substrates,

Proceedings of the IEEE-IPFA conference (2018) - Accepted.

* Contribution: Characterizing the electrical homogeneity of h-BN stacks

grown on Pt, evaluation of the results and writing the manuscript.

Lanlan Jiang*, Yuanyuan Shi*, Fei Hui*, Kechao Tang, Qian Wu,
Chengbin Pan, Xu Jing, Hasan Uppal, Felix Palumbo, Guangyuan Lu,
Tianru Wu, Haomin Wang, Marco A. Villena, Xiaoming Xie, Paul C.
Mclintyre, Mario Lanza, Dielectric breakdown in chemical vapor
deposited hexagonal boron nitride, ACS Applied Materials &

Interfaces, 9, 39758-39770 (2017).

* Contribution: Carrying out the conductive AFM characterization of as-

grown h-BN on Cu/Ni and analyzing the results.

Fei Hui, Marco A. Villena, Wenjing Fang, Ang-Yu Lu, Jing Kong,
Yuanyuan Shi, Xu Jing, Kaichen Zhu, Mario Lanza, Synthesis of large-
area multilayer hexagonal boron nitride sheets on iron substrates and its

use in resistive switching devices, 2D Materials (2018) - Minor revision.

* Contribution: Growth of the h-BN by CVD and characterization using
SEM, Raman Spectroscopy, cross sectional TEM and probe station.

Writing the manuscript.
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Article 6 Fei Hui, Enric Grustan-Gutierrez, Shibing Long, Qi Liu, Anna K. Ott,
Andrea C. Ferrari, Mario Lanza, Graphene and related materials for
resistive random access memories, Advanced Electronic Materials,

1600195 (2017).

* Contribution: Literature research, preparation of the figures and the

tables, classifying the knowledge, and writing the manuscript.

These articles have been developed in collaboration with Massachusetts Institute
of Technology (MIT, USA), Stanford University (USA), University of Cambridge (UK)
and Soochow University (China). To do this work, I travelled one year to Massachusetts
Institute of Technology and half a year to University of Cambridge, where | worked in
the groups lead by Prof. Jing Kong and Prof. Andrea Ferrari (respectively). For my stay
at the University of Cambridge | won the Royal Society of Chemistry mobility award

for PhD students.

Disclaimer: All these 6 research articles will be entirely reproduced (embedded
at the suitable sections or sub-sections) with the permission from the publishers, which
are the owners of the copyright. Note that sections, equations and references numbering
within the reproduced research articles follow the ones of the published version, not the
ones of this thesis. This statement applies to all articles presented in this Thesis

dissertation.
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Chapter 2:

On the use of 2D layered h-BN as dielectric

The aim of this chapter is to describe the status of 2D layered h-BN (previous to
this PhD thesis). This chapter is divided in three sections. Section 2.1 describes the
structure and most remarkable properties of h-BN reported until that date. Section 2.2
describes the different synthesis methods, and it discusses their advantages and
challenges. Section 2.3 summarizes the most relevant investigations that used h-BN as
dielectric, and highlights the most remarkable performances. The reliability of h-BN as

dielectric and the entire BD process will be also described.
2.1. Properties of 2D layered h-BN

Boron nitride exists in multiple crystalline forms that differ in the arrangement of
the B and N atoms, such as cubic boron nitride (c-BN), wurtzite boron nitride (w-BN)
and hexagonal boron nitride (h-BN) [36]. Among them, h-BN is a typical sp?-hybridized
2D insulator, which is analogous to graphene in terms of their hexagonal lattice
structure (see Figure 2.1). h-BN is formed by B and N atoms interacting by covalent
bonds in plane, forming a hexagonal lattice (i.e. each B atom bonds with three N, and
each N atom bonds with three B) [37]. The lattice constant (distance between atoms) in
this hexagonal network is 0.25 nm, and it shows a mismatch of only 1.8% with that of
graphene [38]. An ideal h-BN sheet should be a continuous B and N lattice without any
missing bond, and perfectly attached to the substrate. Figures 2.1a and 2.1b show a

schematic and an experimental demonstration of the lattice structure of monolayer h-BN.
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Figure 2.1. (a) Schematic of the hexagonal lattice of monolayer h-BN. (b) High angle
annular dark field scanning transmission electron microscopy image proving the

chemical composition of h-BN with sub-atomic resolution. Reproduced with permission
from Ref. [37], copyright InTech 2013.

h-BN holds several extraordinary properties that may be useful for the
fabrication of electronic devices. For example, by using an exact numerical solution of
the phonon Boltzmann transport equation, Ref. [12] calculated that the thermal
conductivity of single layer h-BN can be higher than 600 WmK at room temperature,
which is one of the highest values in non-carbon-based materials. Ref. [11] measured
the mechanical properties of h-BN films by nanoindentation, and reported that the
elastic modulus of h-BN is in the range of 200-500 N/m. And at the same time, h-BN is
flexible and can be used to fabricate foldable devices [39]. Ref. [11] demonstrated that
thin (<10 nm) h-BN stacks are highly transparent and can transmit over 99% of the light
with wavelengths in the range of 250-900 nm. Furthermore, it has been reported that h-
BN stacks are chemically very stable up to 1500 <€ in air [9], which allowed their use as
anti-oxidation coating [9].

However, recent reports demonstrated that local defects can have a dramatic

negative effect on the performances of h-BN. For example, it has been proved that local
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defects (i.e. lattice distortions) in h-BN sheets can serve as focus for local oxidation due
to the presence of dangling bonds, where oxygen can easily bond [40]. This promotes
oxygen migration towards the underlying (protected) substrate, which degrades the
material below (and also the h-BN). Therefore, lattice defects can remarkably shorten
the lifetime of h-BN, and it is expected that they also contribute negatively to the
performance of h-BN based electronic devices. In fact, the presence of defects in a
dielectric is something in most of cases unwanted from a reliability point of view,

independently that it is a h-BN stack or a SiO/high-k film.

2.2. Synthesis of 2D layered h-BN

The first synthesis of ultra thin 2D h-BN stacks was achieved in 2005 via
mechanical exfoliation of an h-BN crystal [41]. Taking a piece of scotch tape and
repeatedly peeling single crystal or bulk h-BN materials, atomically thin h-BN
nanosheets can be easily recognized on the tape using an optical microscope (see Figure
2.2a). This method is based on a mechanical stripping process, i.e. break the weak van
der Waals forces between each two adjacent layers, and doesn’t involve the introduction
of any type of chemical, nor other alien species. Therefore, the obtained h-BN
nanosheets retain their original (nearly perfect) crystal structure. However, the size of
exfoliated h-BN flakes becomes smaller and smaller with the number of peelings,
resulting in small lateral size of (in the best cases) few micrometers. Furthermore,
exfoliating h-BN with a specific number of layers is not doable, and very severe
thickness inhomogeneities are always present (see Figure 2.2b) [42], which is not
acceptable for the industry. The need of (expensive) human labor is also an important

drawback.
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Liquid phase exfoliation (LPE) is a scalable synthesis process that consists on
applying mechanical stresses to an h-BN crystal by sonication [42-43], with the
assistance of organic reagents. After sonication, centrifugation to remove large size h-
BN particles is needed. This method allows exfoliating large amounts of h-BN flakes
simultaneously, and it is scalable (i.e. suitable for the industry). The h-BN produced by
this method is presented in the form of flakes suspended in a liquid, and the most
important properties defining the quality of LPE h-BN are the flakes density, their size
and thickness. These properties can be tuned by using different sonication parameters
(energy, time), centrifugation parameters (revolutions per minute, time), and type of
organic reagents. The integration in the devices is normally done by spin coating
one/few drops of the solution containing the h-BN flakes on the desired substrate and
drying it. This methodology is fast and cheap, but it normally produces thick (>50 nm)
films containing a rough network of flakes with folds and random orientations [44].
Therefore, LPE h-BN may be suitable for some very specific applications (e.g. coatings),
but not for others (e.g. ultra thin gate dielectric in FETS).

It’s known that large-area h-BN sheets can be grown by physical vapor
deposition (PVD) methods. Among them, magnetron sputtering has been successfully
used to produce monolayer h-BN sheets on a 100 nm Ru/a-Al,O3 substrate [45]. The
sheets produced by this method show decent layered structure with low density of
defects, as confirmed by cross sectional transmission electron microscopy (TEM, see
Figure 2.2c), which results in a dielectric strength comparable to that of exfoliated
sheets. Molecular beam epitaxy (MBE) also allows growing atomically thin h-BN
stacks on non-crystal substrates [46], as confirmed by a characteristic Raman signature
and by the observation of wrinkles. However, Ref. [46] didn't provide cross sectional

TEM images, meaning that one cannot be completely sure if the material has a truly
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layered structure. In any case, the requirements for the sophisticated equipment are still
hindering the use of PVD methods to grow h-BN. In the case of magnetron sputtering, it
requires an ultrahigh-vacuum system (base pressure of 2x10%° torr) and under the
atmosphere of high-purity Ar/N2 gas mixtures. In the case of MBE the problem is that
both high base pressure (1.0%<1071° mbar) and high temperature (1850 <C) conditions are

needed to form the h-BN films.
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Figure 2.2. Characterization of multilayer h-BN stacks fabricated following different
methodologies. (a) Optical and (b) AFM images of a mechanical exfoliated h-BN
nanosheets; thickness fluctuations can be seen. Reproduced with permission from Ref.
[10], copyright American Chemical Society 2014. Cross-section TEM image of (c)
trilayer h-BN grown by magnetron sputtering and (d) CVD-grown multilayer h-BN. (c)
and (d) are reproduced with permission from Refs. [45] and [18], copyright American
Chemical Society 2012, and Wiley-VCH 2017.
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When picking up a method to grow scalable h-BN with controllable thickness,
CVD is the approach that has produced the best results until now [18]. Figure 2.2d
shows a cross sectional TEM image of multilayer h-BN grown by CVD approach, in
which nearly perfect layered structure can be observed. The precursor (borazine,
ammonium borane) and carrier gas (H2, Ar) are delivered to the catalytic metallic
substrates (such as Cu, Ni, Pt or Fe) under high temperature. The thickness and quality
of the h-BN stacks can be controlled by tuning the parameters of the CVD process: i)
carrier gas flow, ii) pressure, iii) temperature, iv) growth and cooling times, v) type of
precursor, vi) type of substrate, vii) type of CVD furnace (cold walled, rapid thermal,
plasma assisted). The size of the h-BN is only limited by the size of the substrates,
which at the same time is limited by the size of the tube furnace. To the best of our
knowledge, the largest 2D materials ever produced by this method are 76.2 cm %< 76.2
cm, as shown in Ref. [47].

When using CVD, as well as when using PVD, the main problem is the high
temperatures used during the growth (> 900 <C), which make impossible its direct
growth on patterned samples (i.e. the high temperatures would destroy any device
patterned due to severe diffusion). For this reason, CVD always uses metallic foils as
substrate. Ref. [48] reported the growth of h-BN on Fe-coated wafers by using a cold
walled CVD system (which is 10 times more expensive than a normal one), but no
discussion on metal de-wetting and diffusion into the wafer is available. Also, no
devices have been reported using this method. In order to avoid this problem, the h-BN
is grown by CVD on an independent substrate (so far it has been only synthesized on
metals) and later it has been transferred to any arbitrary substrate using different
methods (e.g. wet transfer [49], dry transfer [50], imprint techniques [51], electrostatic

transfer [52], among others). This can be seen as an advantage but also as a problem, as
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the transfer process may produce cracks, wrinkles and contamination. Interestingly,
when fabricating prototype devices aimed to just test the performance of h-BN as
dielectric, the substrate used during the h-BN growth (metallic foil) can be also used as

bottom electrode. This strategy does not require the use of a transfer process.

2.3. Use of 2D layered h-BN as dielectric

When a thin dielectric is placed between two electrodes under polarization the
electrical field can generate defects in its microstructure, mainly imperfect bonding (i.e.
broken bonds between the atoms that form the dielectric or atoms that penetrate from
adjacent electrodes) [53]. If the stress is enough aggressive (high voltage or long time),
the density of defects increases prohibitively until forming one/few effective percolation
path across the dielectric, leading to the complete loss of the insulating properties, and
the circulation of very high currents across it (namely BD) [54]. The currents increase
the local temperature, which further increases the current in a self-accelerated manner.
Therefore, the BD process strongly depends on several properties of the dielectric
material, such as: i) density of native bulk defects, ii) number of defects at the interfaces
with the electrodes, iii) chemical stability, iv) mechanical stability, and v) thermal
conductivity [55]. As an example, the BD process in high-k dielectrics show slightly
differences compared to SiO, as the density of defects in high-k materials is much
higher, which accentuates charge trapping and de-trapping, producing the observation of
random telegraph noise (RTN) signals [56].

2D layered h-BN is an insulating material with an energy band gap of ~5.9 eV [8]
(measured in exfoliated samples) and a dielectric constant between 2 and 4 [57]

(measured in CVD grown samples). Therefore, h-BN may be suitable for being used as
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dielectric in electronic devices. In fact, it is expected that h-BN shows an excellent
performance as dielectric, because it holds many wanted properties that are relevant
during the degradation and BD of a dielectric, such as chemical stability, high
mechanical stability, and high thermal conductivity (see also section 2.1). In this context,
the strong covalent bonds of h-BN may slow down the speed for defect generation, the
isolation between planes may difficult the propagation of the defects during the
electrical stress, and the high thermal conductivity may avoid the formation of hot spots
(which also slows down the BD process). Furthermore, h-BN adheres to the adjacent
electrodes by van der Waals forces, minimizing the formation of interface defects. In
this regard, h-BN is very promising for the interaction with graphene and MoS», two
materials that form very bad interfaces with SiO2 and high-k dielectrics [6-7].

Initially, 2D layered h-BN was used as substrate to enhance the carrier mobility
of graphene FETSs [15]. Due to the atomically flat surface of 2D layered h-BN (which is
free of dangling bonds), the mobility of the carriers in the graphene channel was
improved one order of magnitude compared to FETs using traditional SiO> as substrate.
It’s also known that the use of h-BN in high-mobility graphene devices can enhance the
energy gap in multi-terminal measurements of fractional quantum Hall effect [58-59].
Before the starting date of this thesis very few works reported the use of h-BN as
dielectric. Despite h-BN has been used as dielectric in FETs [60-61], most of the reports
focus on the properties of channels and/or transistors, not on the performance of the h-
BN dielectric itself, i.e. direct tunneling current, trap-assisted tunneling, tunneling
current homogenity, current across defects, RTN, SILC, and soft/hard BD. So far, the
studies on h-BN as dielectric have been performed in terms of nanoscale homogeneity
and variability, reliability and dielectric breakdown, mainly via CAFM. For example,

Ref. [62] studied mechanical exfoliated h-BN with different thicknesses using CAFM
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and reported that the tunneling current across it is extremely homogeneous (see Figure
2.3a). Ref. [62] showed that increasing the thickness of h-BN in one layer reduces the
current in a factor 50 (see Figure 2.3b), and Ref. [62] claimed that in monolayer, bilayer
and trilayer h-BN the tunneling current flows by Direct tunneling at low fields and by
Fowler Nordheim tunneling at high fields, and that in thicker h-BN stacks the current
always flows by Fowler Nordheim tunneling [62]. Ref. [63] suggested that exfoliated
stacks of h-BN reache the BD layer-by-layer, producing dramatic physical removal of
material after the BD of each layer (see Figure 2.3c). In that article the authors observed

the formation of a hole with increasing depth after sequences of current vs. voltage (I-V)

curves.
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Figure 2.3. (a) Schematic of a multilayer h-BN stack characterized by CAFM, and
topographic (bottom left) and current (bottom right) maps. (b) Both experimental (solid
lines) and fitting (dashed lines) I-V curves in log scale for graphite/BN/graphite devices
with different thickness of BN insulating layer. Reproduced with permission from Ref.
[62], copyright American Chemical Society 2012. (c) I-V curves for a fresh h-BN flake
(black) and the remaining layers (red) inside the hole. Insert: AFM image of a BD spot.
Reproduced with permission from Ref. [63], copyright IEEE 2016.

After that, h-BN produced by CVD approach started to be studied as well. In
parallel with the development of this thesis, Ref. [64] observed that the tunneling
current across CVD-grown h-BN shows multilayer insulating islands (Figure 2.4a),
which correlate with multilayer areas in the scanning electron microscopy (SEM)

images. The CAFM was also able to detect wrinkles in CVD-grown h-BN, which
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manifested as insulating long and straight lines. Also in that work it was demonstrated
that monolayer (0.33 nm) h-BN resists the electrical stresses much better than six times
thicker HfO> (2 nm) [64]. However, the knowledge available about the electrical
properties of CVD-grown h-BN stacks before this thesis was very limited. In Article 1 a

deep analysis about the use of h-BN as dielectric is presented.
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Figure 2.4. (a) 10 pm x 10 pm CAFM current map collected on the BN/Cu stack by

applying 1V. Sequence of I-V curves collected on a single spot on BN/Cu stack (b) and

2 nm thick HfO- layer (c). Reproduced with permission from Ref. [64], copyright AIP
Publishing LLC 2016.
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Atticle history: Recent advances in materials science allowed the incorporation of advanced two dimensional (2D} materials in
Received 25 February 2016 electronic devices. For example, field effect transistors (FETs) using graphene channels have shown unprecedent-
Received in revised form 12 June 2016 ed carrier mobility at room temperature, which is further complemented by its intrinsic flexibility, transparency,
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Available online 23 June 2016 chemical stability and even thermal heat dissipation. Other 2D materials such as transition metal dichalcogenides

(TMDs) can provide additional functionalities to the devices, such as band gap induced high ON/OFF ratios in
FETs. Interestingly, these 2D metallic (graphene) and 2D semiconducting materials (2D/TMDs) have been mainly

;Zyxv:;;f; boron nitride implemented in devices using traditional three dimensional (3D} insulators, such as HfO,, Al,O; and SiO,, which
Two dimensional may not be the best solution given the complex and defective interface bonding. For this reason recently 2D in-
Dielectric sulators have been started to be used as dielectric in different electronic devices, showing interesting phenome-
Graphene na. A 2D insulator differs from traditional 3D insulators in that it holds a layered structure, in which the bonding
Reliability in plane is covalent while the plane-to-plane interaction is governed by van der Waals interactions. This genuine

structure has been demonstrated to remarkably alter some reliability phenomena like, for example, the entire di-
electric breakdown process. In this review, we analyze the performance of 2D layered dielectrics, focusing on
hexagonal boron nitride. Different synthesis methods, electrical characterization, reliability and variability anal-
yses, as well as dielectric breakdown process are discussed. Moreover, it should be highlighted that, in many de-
vice applications (like capacitors or resistive switching memories), 2D dielectrics may not require the annoying
transfer process usually required for graphene and 2D/TMDs, which further facilitates its introduction in the

industry.
© 2016 Elsevier B.V. All rights reserved.
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Dielectrics are key elements in a wide range of electronic devices es-
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transistors (FETs), the device that has provoked an unprecedented so-
cial progress in human history and that only in 2016 is expected to
raise a market of billions of US dollars [1], requires a dielectric to gener-
ate the capacitance effect necessary to modulate the conductivity at the
channel region [2]. Another example is the wide family of resistive
switching non-volatile memories (NVM}, which induce a reversible di-
electric breakdown in a dielectric to modulate its conductivity, leading
to two logic states that can be used to store information [3]. Therefore,
a continuous revision of the status and prospects of dielectrics in micro-
electronics is necessary.

Traditionally, the dielectric used in most electronic devices was sili-
con dioxide (Si0», see Fig. 1a [4]), as it shows an excellent performance
as insulator, good compatibility with silicon, low cost and easy fabrica-
tion [5]. Around 2005, in the 65 nm technological node, the aggressive
scaling down of the transistors made that Si0, dielectrics became too
thin to withstand the electrical fields to which they were subjected
[6], raising reliability concerns due to prohibitive leakage currents. For
this reason, in successive nodes FETs incorporated high-k materials as
gate dielectric (Fig. 1b}, as they can provide similar capacitance effect
using a larger thickness, which remarkably decreases the leakage cur-
rent [7-10]. In 2008, in the 45 nm node, the traditional Si0, gate insula-
tor started to be replaced by thin films of high-k materials, such as HfO,
or Al,O3 [11-13]. Nevertheless, replacing SiO,, which only has one dis-
advantage (its low dielectric constant}, by high-k dielectrics was a pain-
ful process as, in principle, these materials only have the advantage of
reducing the leakage current. Among all problems related to the intro-
duction of high-k materials in microelectronic devices are [14-16]: i}
high density of native defects, which in FETs can produce instabilities
on the threshold voltage; ii} chemical interaction with the polysilicon
gate; iii} interaction with the silicon substrate, which produces the ap-
parition of interfacial Si0, layers, leading to an increase of the equiva-
lent oxide thickness (EOT); iv) phonon scattering at the channel
region, which degrades the carriers’ mobility; and v} polycrystallization,
which increases the inhomogeneity in the material, leading to hot spots
and to an overall larger variability. Despite the initial concerns, the in-
dustry has been able to adapt to this change, for example by replacing
the polysilicon gates by metallic ones, and building controlled high-k/
Si0, superstructures that show low degrees of scattering [6]. It should
be noted that replacing materials from the building blocks of the FETs
and other electronic devices is in fact a raising parallel methodology to
fit the every time more exigent technology requirements. Even the om-
nipresent silicon core bulk of different devices has been in many cases
replaced by other semiconductors (called III-V} with higher carriers’
mobility [17-18]. In this context, the apparition of novel two dimen-
sional (2D) materials with superior properties and their application in
microelectronics suggests now a similar technological transition (Fig.
1¢) [19-21], in which device parameters and materials interfaces will
need to be adjusted to build up prototypes with realistic probabilities

Before 2005 After 2005

of being commercialized. Therefore, here arise the question: which is
the most suitable dielectric for 2D devices?

The use of advanced 2D materials in electronic devices can be inter-
esting to solve some fundamental limitations, as well as to provide ad-
ditional chemical, mechanical and optical capabilities (among others).
For example, the use of graphene is especially attractive in microelec-
tronic circuits due to its extremely high room-temperature carriers’ mo-
bility [22-23] and high saturation velocity [24]. During the explosion of
graphene research in 2009-2010 IBM reported FETs with mobilities up
to 400 V—! s~ ! and cut-off frequencies of f; = 26 GHz [25] using stan-
dard Si0, substrates and high-k gate dielectrics, and this value was op-
timized up to 155 GHz using diamond-like carbon substrates [26]. These
values are higher than those of the best silicon based metal-oxide-semi-
conductor FETs (MOSFETs) with similar gate lengths [27-28]. Using 2D
semiconductors from the family of transition metal dichalcogenides
(2D/TMDs), including as MoS, [21,29], WS [30], TiS,, TaS2, MoSe; and
WSe, [31], high carriers’ mobility can be almost maintained while mag-
nificently enhancing the current on/off ratio. B. Radisavljevic et al. [21]
reported a room-temperature single-layer MoS, transistor with a mo-
bility of at least 200 cm®V~" s~ ! and on/off ratio exceeding 10%. Al-
though later Fuhrer and co-workers demonstrated that this value was
overestimated [32-33], there seems to be a consensus that at 240 Kelvin
carrier mobilities of 63 cm?/V s can be achieved [34]. Moreover, the
atomically thinness of 2D materials provides an excellent electrostatic
control over the channel in FETs [35], especially in short-channel tran-
sistors. Quantum confinement, substrate independence and the possi-
bility of building heterostructures are also among their most attractive
properties applied to electronic devices [35]. From a mechanical point
of view, it has been demonstrated that MoS, can be combined with
graphene to build up MOSFETs with high mechanical flexibility, optical
transmittance (~74%), and current on/off ratios (>10%) with an average
field effect mobility of ~4.7 cm® V~" s~ [34]. For these reasons, the in-
troduction of 2D materials in electronic devices has become a global
trend, not only in the academia but also in the industry; for example,
among all graphene patents registered until June 2014, around 28%
have been devoted to build graphene electronic circuits [36], the 1 bil-
lion Euro Graphene Flagship Project of the European Community is fo-
cused on transferring graphene and related materials from lab to
industry, and companies like Samsung and IBM have been very active
in 2D materials research.

Interestingly, most of the 2D electronic devices reported until today
have used three dimensional (3D} dielectrics like SiO, and high-k mate-
rials (HfO, and Al,O3) to enable the different functionalities [25-27,37-
38]. Here the concept of 3D refers to the fact that the bonding in these
dielectrics is the same in all directions (vertical and horizontal); there-
fore, despite 3D dielectrics can be atomically thin, they still hold a 3D
structure. Despite the successful performances observed in many de-
vices, the combination of 2D metallic and semiconducting materials

graphene, MoS, ...)

Thick Si0,
Which is the best
dielectric for 2D devices?

Si substrate

(a) (b) (c)

Fig. 1. Evolution of dielectrics in field effect transistors. (a) and (b) show scentific illustrations of the structure of two MOSFET transistors using polysilicon/SiOz/Si and metal/high-k/Si
structures, respectively. These architectures correspond to those use in the 65 and 45 nm technological nodes, respectively. (c) Schematic of a field effect transistor using a two
dimensional material as channel. Modified and reprinted with permission from [4,21].

(Copyright from Nature Publishing Group 2011.)
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with 3D dielectrics is complex, as they do not form covalent bonding.
For graphene/high-k stacks it is widely known that interface
functionalization is necessary for achieving uniform adhesion, being
NO, [39], metal seed layer [40], organic seed layers [41], and ozone
(03) [39-41] the most common strategies. In the case of 2D/TMDs, pub-
lications displaying uniform high-k gate dielectrics in FETs with MoS,
channels [42] suggested that high-k nucleation on the surface of 2D/
TMDs may be different than on graphene. This hypothesis was later
discarded by R. M. Wallace et al. who demonstrated that no covalent
bonding is possible between HfO, and MoS, [43]. For that reason,
some groups used an interfacial layer between high-k and 2D/TMDs to
ensure decent adhesion [44]. However, this methodology can generate
other electronic concerns, such as charged impurities and dopants that
increase the roughness of the 2D material, leading to larger Coulomb
scattering that reduces the charge transport and produces hysteretic ef-
fects [45-46]. Therefore, finding new dielectrics compatible with
graphene and 2D/TMDs is a major requirement for the development
of 2D electronic devices.

In this context, 2D layered dielectrics could be an excellent solution
due to their demonstrated excellent compatibility with graphene and
other 2D materials [47]. We use the term 2D layered insulator to refer
to those insulators made by stacked planes in which the bonding is co-
valent, while the plane-to-plane interaction is by van der Waals attrac-
tion. Unfortunately, the use of 2D insulators as dielectric stack is still at
its embryonic stage, and the amount of literature available is scarce,
being hexagonal boron nitride (h-BN) the only material that has been
considerably studied. In brief, h-BN is an sp>-hybridized 2D insulator an-
alogue to graphene, in which boron and nitrogen atoms occupy the A
and B sublattices of the hexagonal Bernal structure (Fig. 2) [48]. Due
to the similar lattice constants of graphene and h-BN, which only have
amismatch of 1.7%[49], these two materials have shown a very good in-
teraction and interesting potential for device fabrication. Itis the aim of
this review paper to compile the knowledge available about the use of
h-BN as dielectric stack for microelectronic devices.

2. Boron nitride production

Most of the methods currently available to produce atomically thin
h-BN films have been inherit from the research of other 2D materials,
especially from graphene. The recent Science and technology roadmap
for graphene, related two-dimensional crystals, and hybrid systems [36],
describes > 10 different methods to produce graphene and other 2D ma-
terials, including mechanical exfoliation (repeated peeling), liquid
phase exfoliation, photoexfoliation, anodic bonding, molecular beam
epitaxy, atomic layer epitaxy, heat-driven conversion of carbon,

chemical synthesis, growth on silicon carbide, growth on metals by pre-
cipitation, physical vapor deposition (PVD) and chemical vapor deposi-
tion (CVD). Despite not all these methods can be extrapolated to h-BN
research, some of them are modifiable to obtain this 2D layered insula-
tor. When using h-BN as dielectric, the most exploited synthesis meth-
odologies have been mechanical exfoliation, physical vapor deposition
and chemical vapor deposition; for this reason, here we will focus on
these three methods (see Fig. 3). Additional information about other
methodologies to produce h-BN can be found in other fabrication-ori-
ented reviews [50-51].

2.1. Exfoliation: mechanical, liquid phase and chemical

As it happened for graphene [52], the first reports on two dimen-
sional h-BN used mechanical exfoliation (repeated peeling) on single
crystal h-BN using Scotch tape [53-55], leading to nanosheets with a lat-
eral size of hundreds of nanometers. Thanks to the layered structure of
the boron nitride crystal and the weak Van der Waals’ force between the
layers, the h-BN thin films yielded by this method normally have perfect
crystal structure [56]. Therefore, some intrinsic properties, such as the
bending modulus [57], luminousness [58], and carrier mobility [59]
could be protected to the greatest extent. The most successful source
of single crystal h-BN has been found by the group of Y. Kubota et al.
[60] whose h-BN has been used in a wide range of electronic devices
all around the world [61-62]. Nevertheless, despite this methodology
provides the highest quality h-BN ever reported [63-64], its use is still
reduced to research purposes, as it is not a scalable technique due to
the small size and thickness fluctuations of the nanosheets. Besides,
atomically thin nanosheets of h-BN can be also obtained by exfoliating
powdered raw material instead of single crystalline h-BN [46], or even
by rubbing bulk crystals against another clean solid surface [65]. In
order to relatively increase the scalability of this method, mechanical
peeling by ball milling was presented by L. Li et al. [64] as a good way
to exfoliate thousands of h-BN particles simultaneously. However, the
undesirable impurities and the damage to the original crystal structure
could limit its development. With the aim of enhancing the scalability
and at the same time guarantee the purity of the material, liquid
phase exfoliation seems to be the most suitable method due to its fast,
cheaper, and energy-saving properties. Generally, this method has
three steps: i} sonication for dispersing and exfoliating the h-BN pow-
der, if} centrifugation for removing the large size h-BN particles, and
iif} drying the supernatant to obtain pure h-BN thin films. Additionally,
one chemical exfoliation method was carried out by X. Liet al [66] using
the assistance of molten hydroxides at low temperatures. Nevertheless,
wet exfoliation methods are not compatible with the microelectronics

Fig. 2. (a) Schematic of the hexagonal lattice of boron nitride. (b) High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image proving the chemical

composition of #-BN with sub-atomic resolution.
(Modified and reprinted with permission from [48]. Copyright from InTech 2013.)

-25 -




Article 1

122 F. Hui et al. / Microelectronic Engineering 163 (2016) 119-133

Mechanical exfoliation

(a)

Magnetron sputtering

Chemical vapor deposition

Combination g ligs
Borazine _d,d.

o3

s 4 Yo
¢ oUS Pory.nmncbomn‘o‘ i ‘f:‘\ N
Borazane N Ll
- . paxymm.ﬂ.w'. “
N R T,
® 4
3 b &3y
2 “un:“va.}"ﬂ R0 o
U‘plﬁ"‘ e e .3 i
e wﬁ"‘v‘ Sl Go%

e G
e | &

{ < 94 Dehydrogenat -3
“'(H.' .H“ , Dehye vo(_,cn:o«\.‘..““. vi 4
v,‘w" © @ o LT A

¢ B N H

(c)

Three-dimensional H:a-BN

(b)

Fig. 3. Schematic of various methods for producing the atomically thin #-BN films. Modified and reprinted with permission from [173,93]
(Copyrights from American Chemical Society 2013, and Nature Publishing Group, 2015.)

industry, and they may be more suitable for other technologies, such as
printed electronics [67].

2.2. Physical vapor deposition

Physical vapor deposition techniques can be also used to grow thin
boron nitride layers. Within PVD family, magnetron sputtering has
been the most widely used P. Sutter et al. [68] successfully synthesized
monocrystalline and high-quality wafer-scale boron nitride films by
magnetron sputtering technique on a 100 nm Ru/a-Al,05 substrate.
During the preparation, a reactive chamber with a boron target (2"
dia., 99.5%, KJ. Lesker) was firstly pumped to 2 x 10~ '° Torr, and then
filled with high-purity Ar/N, gas mixtures (20% N, } in a total pressure
of 10~ 2 Torr. The reactive radio frequency power of the sputtering pro-
cess was tuned to 10 W. After that, the h-BN films were grown at high-
temperature by reactive deposition. It is also noteworthy that the crystal
form of the thin h-BN films strongly depends on the substrate bias, indi-
cating that the crystal form is controllable during sputtering process. For
instance, J. M. Caicedo et al. [69] found that only h-BN can exist when the
voltage is less than — 150 V d.c. biased and — 90 V r.f. biased. However,
with the enhancement of the negative bias, c-BN also showed up as a
part of the boron nitride thin films. Furthermore, during this fabrication
process, there is almost no requirement for the substrate, making it suit-
able for the industry because no etching and transfer step got involved.
In addition, this catalyst-free method avoids replicating the metal grain
boundaries into the product, which may efficiently decrease the possi-
bility of current leakage [70]. More interestingly, using this method
some specific atoms can be included into the h-BN nanofilm on purpose
for other particular applications. For instance, M. Goto et al. [71] suc-
cessfully synthesized hexagonal boron nitride thin films doped with
Cu element by co-sputtering deposition procedure on a stainless steel
pad. Furthermore, by adjusting the sputter discharge conditions, the do-
main size of the h-BN crystals deposited on the substrate could be well
controlled. Although PVD techniques are already a very good way to
produce high quality boron nitride nanosheets in a large scale, the re-
quirement for the sophisticated equipment still restricts its
development.

More recently, molecular beam epitaxy (MBE) has been proposed as
a promising way to produce atomically thin h-BN stacks with high-crys-
talline quality. The main benefit of this technique is that MBE allows di-
rect growth on non-catalytic substrates. For instance, S. Nakhaie et al.
[72] successfully synthesized h-BN thin films on polycrystalline Ni foils
(Alfa Aesar, 99.994% pure, 100 pum thick) through MBE method. In
their experiment, the Ni foil with a size of 1 cm?® was firstly cleaned
and then its surface was modified by ultra high vacuum annealing and
Ar sputtering processes. The anneal process was taken place at 1000 °
C for 30 min and the sputtering step was carried out under an accelerat-
ing voltage of 2 kV for 20 min. The pressure and temperature set in the

working chamber for sputtering process was 10~ mbar and 600 °C re-
spectively. After the preparation, the main growth process was execut-
ed on the substrate with the temperature ranging from 730 to 835 °C for
3-5 h under a pressure of 1.1 x 10~° mbar. Elemental B was generated
at 1850 °C with the assistance of the a high-temperature effusion cell.
Meanwhile, the N-species were activated by an RF plasma source work-
ing at 350 W with 0.2 sccm of N; flow. During this period the isolated h-
BN flakes connect to each other to form a continuous h-BN thin film. Ad-
ditionally, MBE also has been used in the field of 2D heterostructures
fabrication by in situ growing hexagonal boron nitride accurately on
transition metal dichalcogenides, which allow tuning the desired band
alignments of this novel structure [73].

2.3. Chemical vapor deposition

In order to provide an accessible methodology to grow h-BN, chem-
ical vapor deposition family techniques have been extensively explored
for its ability to control the lateral size, number of layers, as well as the
crystalline structure precisely. Different precursors can be used for the
synthesis of h-BN nano-films by CVD. Normally, they are based on two
independent substances containing boron and nitrogen atoms respec-
tively, such as BCl3/NH3 [74-75], BF3/NH3 [76-77], B,Hg/NH5 [78-79],
and BigH4/NH;3 [80]. However, using two kinds of precursors compli-
cates the experiment procedure and equipment assembly. Moreover,
in order to guarantee adequate and equal reactants during the chemical
reaction for h-BN growth, it's very critical to control the ratio of these
two precursors. For this reason, K. K. Kim et al. [70] used borazine,
which contains both boron and nitrogen atoms, to synthesize polycrys-
talline h-BN film with the assistance of Cu foil. Since borazine is in liquid
state at room temperature, a bubbler was installed with hydrogen or ni-
trogen as carrier gas. Prior the growth process, a pre-annealing step at
1000 °C for 30 min under 10 sccm hydrogen atmosphere was necessary
to remove possible copper oxides, increase the copper grain size, as well
as smoothening the surface. After that, the material synthesis was car-
ried out at 750 °C with 1-3 sccm of borazine and 2000 sccm of hydrogen
for around 5-30 min. Finally, the h-BN/Cu stack was post-annealed at
1000 °C for 1 h to improve the crystallinity of the h-BN thin films. Al-
though borazine has already been able to replace two kinds of indepen-
dent precursors for the growth of h-BN, its liquid state is inevitably
setting barriers for its wide utilization. For this reason, a solid precursor
called ammonia borane was used by L Song et al. [81] because of its sta-
bility and accessibility. As it happens for the borazine, when using am-
monia borane pre-annealing is still an unavoidable step. The main
difference is that instead of installing a bubbler system, only a heating
belt is needed to decompose the ammonia borane into hydrogen,
borazine and aminoborane. Then these products were pushed into the
reactive region by H,/Ar gas flow at the temperature of 1000 °C for
30-60 min. Later, the furnace was quickly cooled down and 2-5 layers
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thick h-BN was obtained. Another valuable addition for this solid pre-
cursor is that no high toxicants are generated during the reaction
process.

Besides the influence of different precursors, the catalyst substrate
also has a very important impact on the growth of h-BN. Until now,
many kinds of materials have served as substrate for CVD growth of h-
BN, including Ni [82-85], Cu [86-92], Pt [93], Si0; [94] and Al,O5 [95].
Because Ni and Cu are cheap, accessible and show good catalytic effect,
they have become the most widespread substrate materials for CVD-
growth of h-BN. Moreover, the relatively small lattice mismatch be-
tween h-BN and the 111 faces of Ni or Cu greatly improves the thickness
uniformity of boron nitride thin films [80]. Y. M. Shi et al. [82] success-
fully synthesized hexagonal boron nitride thin films through CVD meth-
od on polycrystalline Ni films under ambient pressure. In their
experiment, the flat h-BN film grew continuously on the entire Ni foil
and the lateral size of the boron nitride film reach around 20 pm,
which is actually only limited by the grain size of the Ni foil. In addition,
the thickness of the yielded h-BN thin films can be tuned from around
5 nm to around 50 nm by varying the growth parameters. Furthermore,
except the post-annealing process that needs great heat (1000 °C) toin-
crease the product’s quality, the growth temperature can be dramatical-
ly reduced to 400 °C, which greatly reduces the energy consumption. If
during the growth process, the temperature is increased up 700 °C
under high vacuum condition, a strong reduction atmosphere upon
the first boron nitride layer surface would be created to inhibit further
decomposition of borazine, easing the production of monolayer h-BN
thin films. On the other hand, Y. H. Lee et al. [83] found that the Ni crys-
tal orientations would also greatly affect the CVD growth process of h-
BN. It was determined that the h-BN films always grow faster on the sur-
face of Ni(100)-like crystals than on that of Ni(111}-like facets.

Cu foil was also used as the catalyst substrate by K. K. Kim et al. [86]
to synthesize monolayer h-BN at low pressure. As when using Ni foils,
the morphology of the copper surface is also a crucial element deter-
mining the quality of the h-BN film, as it influences the nucleus density
and their locations during their formation process. For example, in un-
polished copper foils the nucleus tend to form along the copper rolling
lines or on surface hillocks related to impurities. On the contrary, in
polished foils the nucleation is distributed more homogeneously, and
the h-BN islands normally have larger average size. Later, this conclu-
sion was further confirmed by Kang Hyuck Lee [87], who observed
that the impurity particles and the amount of allotropes (c-BN) strongly
depend on whether the Cu foil was treated by a chemical polishing and
thermal annealing. Additionally, the crystallinity of the CVD-grown h-
BN is also very closely related to this preparation step [88]. As a goal
to further reduce the impurities and improve the flatness of the boron
nitride thin films, a filter system was introduced at the entrance of the
growth region to effectively block the h-BN nanoparticles [89].

Although both Niand Cu foils are suitable to be the catalyst substrate
for the growth of h-BN thin films, there are still some differences be-
tween these two kinds of metal catalysts. First of all, the chemical bond-
ing strength is different at the interface of h-BN/Ni and h-BN/Cu [94]. In
most cases it is the strength of the transition metal 3d-h-BN m orbital
hybridization that plays a leading role in the chemical bonding strength
at the interface. However, compared to weak interfacial reciprocity on
h-BN/Cu(111), the one at the Ni(111)/h-BN interface is much stronger,
indicating that less wrinkles and hillocks would be created on the Ni
substrate. Besides, catalytic speed also varies when using different cata-
lyst. For instance, S. Chatterjee et al. [80] synthesized thin h-BN thin
films using the Cu and Ni foils under exactly same conditions by CVD
method. As expected, the thickness of the h-BN film on the Ni and Cu
foils was 2 nmand 2-15 nm Furthermore, after the thermal pre-anneal-
ing process for increasing the Cu or Ni grain size, the grooves in the Ni
foil are normally much deeper than the ones in the Cu foil, resulting in
a bad quality of the h-BN grown on the grain boundaries. As a result,
many authors preferred to use h-BN film yielded on Cu substrate for
the application of the electronic devices [70,83-92].

In order to combine the advantages of both Cu and Ni catalyst sub-
strate, recently, a specially designed Cu-Ni alloy was utilized by
Xiaoming Xie's group [95] for CVD synthesis of large-scale single crystal
h-BN. Surprisingly, during the growth process, the nucleation density
greatly reduced and the grain size of the h-BN single crystal spectacular-
ly increased up to 7500 um?, which is almost two orders of magnitude
larger than the one reported by other groups before [86,88]. More inter-
estingly, it has been clearly proved by a series of SEM images that the in-
troduction of Ni atoms will greatly decrease the nanoparticles deposited
on the grain boundaries of the h-BN films and the surface of the catalyst
substrate. Furthermore, the inserted Ni could also help to enhance the
poly-aminoborane decomposition by promoting desorption process
and the formation of Ni—B and Ni—N bonds [93].

Aiming to get rid of the damage and contamination during the etch
and transfer process for electronic devices fabrication, recently, Roland
Y. ]. Tay et al. [92] successfully synthesized few to multilayer h-BN on
Si0, wafers directly without the assistance of the metal catalyst through
CVD method. During their growth procedure, the temperature in the re-
action region was increased to 1000 °C with 500 sccm of Ar and 20 sccm
of H,, at a total pressure of 1.1 Torr. In this condition, due to dehydroge-
nation, the borazine inside will convert into (BNH, ), molecules which is
able to deposit at any substrate. Moreover, as the whole growth process
can be carried out under ambient pressure, no self-limiting phenome-
non needed to be taken into consideration, allowing to control the
film thickness by simply tuning the growth time. Nevertheless, the
grain size of the films grown on this substrate is still too small
(~25 nm}, which may introduce large amounts of defects at the grain
boundaries. Therefore, despite this is an interesting approach, the qual-
ity of the h-BN on insulating surfaces, as that of graphene, needs to be
highly improved to represent a feasible solution.

3. Device fabrication

First of all, we would like to emphasize that the use of any 2D mate-
rial in microelectronic devices usually brings associated many concerns
about the compatibility of fabrication processes. One of the most com-
mon criticisms is the scalability of the prototypes. While it is true that
mechanical exfoliation and electron beam lithography are techniques
that don’t show realistic potential for mass production of electronic de-
vices, other scalable techniques can be also used. As mentioned above,
CVD process allows the fabrication of wafer scale 2D materials with de-
cent quality, and on these large sheets the devices can be easily pat-
terned using conventional photolithography.

From the point of view of device fabrication, there are two processes
characteristic of 2D materials that should be highlighted. The firstone is
the need of 2D material transfer. This is usually the step that scares most
device engineers, and strongly difficult the fabrication of competitive
devices using 2D materials. The main reasons are: i) the complexity of
the whole process (specially the lift off step), ii} the easy formation of
cracks related to the mechanical strains derived from the transfer, and
iii} the difficulty to remove impurities from the polymer scaffold. Gener-
ally, there are two groups of transfer methods, namely dry and wet
transfer. Normally, the dry transfer technique is applied to exfoliated
h-BN thin films, while wet transfer has been typically more used in
CVD-grown 2D materials.

In the procedure of the dry transfer process [46], the h-BN flake is
firstly exfoliated from a h-BN crystal by scotch tape. Then a polydimeth-
ylsiloxane (PDMS)} stamp can be used as the medium for transferring
the h-BN nanosheet, by pressing it with and quickly peeling it off from
the h-BN/scotch tape. At last, the h-BN layer attached to the PDMS was
able to transfer to any target substrate with the assistance of a microma-
nipulator. The advantage of dry transfer technique its lower polymer
contamination compared to wet etching transfer. On the other hand,
wet etching transfer has also drawn lots of attention to transfer large
area 2D sheets, which are usually grown by CVD, which greatly extends
its potential for wafer-scale fabrication of electronic devices. Inspired
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from the advances made in graphene research [96] the transfer of h-BN
has been rapidly achieved [82]. After CVD synthesis,
polymethylmethacrylate (PMMA) can be spin-coated as a thin
(~100 nm) supporting layer. Then the underlying catalytic substrate
on which the h-BN was grown can be etched using a wide range of so-
lutions, and the PMMA/h-BN block can be released. The next step con-
sists of picking up the PMMA/h-BN block with the desired substrate,
followed by removal of the polymer scaffold using an acetone bath
(other polymer media should be removed with the suitable etchant).

Nevertheless, it should be highlighted that the transfer process was
initially developed to provide an insulating substrate for graphene
sheets. While the graphene-on-metals is not very useful to fabricate
electronic devices, graphene-on-insulators are very attractive because
the current can be confined along the graphene sheet. It should be
highlighted that this situationis not given in h-BN research, asitis anin-
sulator. In many devices like capacitors and resistive random access
memories, the h-BN doesn’t need to be transferred, which is a very im-
portant advantage compared to graphene. For example, P.S. Lee fabri-
cated a transfer-free metal/BN/metal resistive memory by directly
evaporating electrodes on CVD-grown BN, in which the metal substrate
played the role of bottom electrode [97]. Despite the BN films shows to
be amorphous rather than layered (and therefore it cannot be consid-
ered a 2D device), this work points out the ability of BN to create elec-
tronic devices without the assistance of a transfer process.

The second critical step towards device fabrication is the pattern of
the h-BN sheet. In 2015, ].L. Wang reported that h-BN layer can be effec-
tively removed by reactive ion etching in the rate of ~ 1.4 nm/s with the
main etching gases mixed of CF4, CHF3, and Ha, which greatly boosted
the development of nano-electronic devices based on the h-BN films
[98]. In their investigation, the exfoliated h-BN film on the SiO, wafer
was firstly patterned by e-beam lithography in order to define the etch-
ing region; then, the exposed area was etched as above mentioned; and
finally the polymer mask remaining on the sample was removed by im-
mersing the whole device in the acetone. The last step was to further
clean the sample by thermal annealing in the Ar/H, atmosphere at
350 °C for 3 h. It should be highlighted that photolithography instead
electron beam lithography could be also used, as the only characteristic
process is how to etch the h-BN (for example to open electronic contacts
to underlying materials, i.e. conductive channel). Therefore, using this
standard methodology, electronic devices with complex structures can
be effectively fabricated.

Finally, it should be highlighted that h-BN provides a superb chemi-
cal and thermal stability that avoids interaction with adjacent layers,
which was a strong reliability problem in devices using high-k dielec-
trics. Therefore, from this point of view, the combination of h-BN with
other materials should not be a concern. If the adjacent layers (i.e. sub-
strates, electrodes) are made of other 2D materials, the interaction will
take place by van der Waals forces, which will provide a very good inter-
action. On the contrary, if the adjacent material is a 3D (non-layered)
material, interface defects may appear (as commented in the introduc-
tion section). In this case, buffer layers may be used when necessary.

4. Introduction of i-BN in electronic devices

Unlike graphene, h-BN is an insulator with a band gap of ~6 eV [81,
99] and a dielectric constant that ranges from 2 to 4 [70], two properties
that enable its use as dielectric in logic devices. Compared to traditional
dielectrics (like SiO,, HfO,, TiO, and Al;03), h-BN shows advantages in
many different applications. First, h-BN with uniform thickness and
atomically flat surface free of dangling bonds can be easily obtained by
different methods (see Section 2}, which could effectively reduce the
scattering effects in, for example, FETs [100-101]. Second, its extraordi-
nary chemical stability (which can even overcome that of graphene
[102-103]} avoids unwanted reactions with adjacent layers. Third, the
high thermal conductivity of h-BN, which is about 20 times larger
than that of Si0,, can improve the heat dissipation within the device,

which will dramatically enhance its lifetime [104]. Fourth, as other
two dimensional materials, h-BN is flexible, mechanically stable and
transparent, which makes it a strong candidate for the fabrication of
flexible optoelectronic devices. And fifth, h-BN has shown excellent
combination with other 2D materials. It should be also highlighted
that, despite h-BN holds the same dielectric constant than Si0,, its larger
chemical stability may remarkably slow down the speed for defect for-
mation, leading to larger device lifetimes. For all these reasons, the use
of h-BN as dielectric can be attractive in a wide range of electronic de-
vices. The most inspiring recent advance in this direction was the devel-
opment of fully 2D metal-insulator-semiconductor (MIS) devices by
combining h-BN with graphene and 2D semiconductors (like MoS,
[47], WS, [105]), as shown in Fig. 4.

Interestingly, the first use of h-BN in FETS was not as a dielectric, but
it was as substrate for graphene channels. In 2010, C.R. Dean et al. [106]
realized that in FETs, the carrier mobility and inhomogeneity of
graphene channels supported on h-BN substrates are almost one order
of magnitude better than those on Si0,, and comparable to those report-
ed for suspended graphene. A similar structure is displayed in Fig. 5a.
Moreover, the topographic roughness, intrinsic doping and chemical re-
activity of the graphene channel was also greatly improved. Mayorov et
al. [107] observed ballistic transport up to ~3 um at low temperature, F.
Guinea and colleagues [108] reported that the conductivity of graphene
on h-BN can be tuned thermally, and it is also known that the use of h-
BN enhances the energy gap in multiterminal measurements of the frac-
tional quantum Hall effect [109-110]. The main reason behind this per-
formance increase is, as mentioned above, the atomically flat surface of
the h-BN substrate. K. M. Burson etal. [111] characterized the local elec-
trostatic potential above h-BN and Si0» by Kelvin probe microscopy, and
the results showed that the h-BN displays potential fluctuations up to 2
orders of magnitude lower than Si0,, as well as lower metastable
trapped charge densities. This trend of using h-BN as substrate for
high mobility 2D devices rapidly expanded to other materials. Later re-
ports observed that transferring another piece of h-BN on the 2D chan-
nel (made of graphene or 2D/TMDs) provided additional protection
against the environment, neutralizing the effect of adsorbates and in-
creasing the mobility at the channel. Very recently M. W. Igbal et al.
[105] used single layer WS, sandwiched between CVD grown h-BN
films, as displayed in Fig. 5Sb, showing unprecedented high mobility at
room temperature. In the case of h-BN encapsulated graphene devices,
N. Petrone et al. [46] achieved room temperature carrier mobilities up
to 10,000 cm?® V~ ! s~ ! on flexible substrates, and recently T. Chari et
al. [112] beat this number using the same methodology on rigid Si0,
substrates, which lead to an improved mobility of 13,700 cm? V=1 s~ 1.

Unfortunately, only a few of these prototypes used the h-BN as gate
dielectric, and the reports that did it, just concentrate on the properties
of the channel and/or transistor, not on the performance of the h-BN di-
electric itself. For example, G. H. Lee et al. [46] fabricated the FETs with
MoS; as channels, h-BN as dielectric, and graphene as gate electrodes.
Field-effect mobilities of up to 45 cm?/V s and operating gate voltage
below 10V were achieved by using this heterostructure devices. Recent

Graphene (G)

Fig. 4. Fully two dimensional field effect transistor synthesized by using graphene
electrodes, an -BN stack as gate dielectric and a MoS; semiconducting channel
(Reproduced with permission from [47]. Copyright American Chemical Society, 2014.)
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Fig. 5. (a) False colored scanning electron microscope image (left) and schematic (right) of single back gate graphene field effect transistors using h-BN as substrate. (b) Fabrication process
of a field effect transistor with graphene channel encapsulated with #-BN. Modified and reprinted from [107,100].

(Copyright from IEEE 2015 and Nature Publishing Group, 2015.)

works studied the use of h-BN for the fabrication of capacitors with en-
hanced performance [113]. Actually, capacitance effect is one of the
most required properties of dielectrics in electronic devices, as it can
provide functionalities like charge storage and electronic resistance
modulation. In this direction, it has been experimentally observed that
h-BN shows an unusual and significant increase of the relative permit-
tivity with decreasing the stack thickness below 5 nm [114]. Ab initio
calculations indicate that this phenomenon, which can alter the perfor-
mance of the FETs [112], isrelated to the negative quantum capacitance
of the graphene channel with a top h-BN gate dielectric. Furthermore,
atomically thin h-BN stacks show low electric filed screening, and this
effect has relative weak dependence to the number of layers. Neverthe-
less, the good performance of h-BN in these devices requires under-
standing the essential dielectric properties, like homogeneity,

variability, reliability and dielectric brealkdown. In the following section
these phenomena are analyzed from the knowledge available in the
literature.

5. Use of h-BN as dielectric

Pristine h-BN free of defects presents an atomically flat structure and
an extraordinary homogeneous dielectric performance, which can be
characterized by monitoring the tunneling current. The most powerful
techniques to conduct such nanoscale studies are the conductive atomic
force microscope (CAFM) [115-119] and the scanning tunneling micro-
scope (STM) [120-121]. As an example, CAFM studies scanning me-
chanically exfoliated h-BN sheets with different thickness revealed
one of the most homogeneous tunneling currents ever reported in a
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dielectric (Fig. 6) [122]. Unfortunately, mechanically exfoliation is not a
scalable technique and it doesn’t allow controlling the 2D material
thickness. For these reasons, the use of alternative growth techniques
like CVD [74-80] and sputtering [68-69] are preferred in industrial ap-
plications, evenif the quality of the h-BN stacks produced is lower. Some
of the most common defects in large area h-BN stacks are: i) are lattice
distortions (including dangling bonds [123], non-hexagonal bonding
[124] and impurities or undesired doping [125]), ii} thickness fluctua-
tions [122], iii} wrinkles [126] and iv) cracks [113]. All these local de-
fects in h-BN can notably alter its electronic properties, impoverishing
the variability and performance of the whole device.

5.1. Nanoscale homogeneity and variability

Lattice distortions is by far the most difficult defect to detect, as it
takes place at the atomic scale. However, both STM and transmission
electron microscope (TEM) [126-127] hold enough resolution to suc-
cessfully characterize the morphology of the stacks with atomic resolu-
tion (see Fig. 7b and 7c). Thanks to these techniques, it has been
demonstrated that lattice distortions in CVD-grown h-BN tend to accu-
mulate at the grain boundaries (GBs) of the polycrystalline 2D stack
[128]. This behavior has been also previously reported in other 2D ma-
terials, including graphene [129], MoS, [130] and WS2 [131]. It should
be noted that, in the field of 2D materials, the concept of grain boundary
has been also often referred as domain boundary in the literature. In this
work we will consistently always refer to them as grain boundary. Both
theoretical calculations and experimental studies demonstrated that
two different types of GBs are prone to form in h-BN grown on
Cu(111) by CVD [127]: square-octagon pairs (4/8 GBs} and pentagon-
heptagon pair (5/7 GBs). Scanning tunneling microscope (STM} was
used to monitor the GBs structure in CVD-grown h-BN, and the

A

Y

# BN layers

observed results confirm the coincidence site lattice (CSL)} theory
[132]. In contrast to graphene, the binary composition of h-BN shows
a very complicated configuration of GBs. Fig. 7a displays different possi-
ble atomic configurations of the boron (pink spheres) and nitrogen
(blue spheres} atoms in 4/8 and 5/7 GBs, respectively. Heteroelemental
(type I} and homoelemental (type I} bonding structures are possible
atomic models existing in the 4/8 GB, while for 5/7 GBs, there are
three different arrangements: B—B and N—N bonds shared by 5 and
7 rings (type II}, N-rich (type IV) and B-rich (type V). However, in
terms of the simulation of local density of states (LDOS, Fig. 7d), the
types with higher probability for 4/8 GBs and 5/7 GBs are type I and
111, respectively. One of the main consequences of lattice distortions in
h-BN is the apparition of in-gap states, which increases the local conduc-
tivity through the 2D layered dielectric stack. Further scanning tunnel-
ing spectroscopy (STS) measurements and density functional theory
(DFT) calculation discovered that the band gap of h-BN with dislocation
GBs has decreased compared to defect-free locations [127]. At the same
time, deep-in-gap states with greatly reduced band gap is confined in
the grain boundaries of the h-BN sheet. Interestingly, this observation
shows a strong parallelism with those made previously in ultra-thin
3D dielectrics, mainly transition metal oxides (TMO), like HfO, [133],
Al,03 and ZrO [134]. Moreover, this finding is in line with the behavior
previously observed in MoS, sheets, which showed electrical conductiv-
ity increase at the GBs area due to a decreased band gap [135]. Recent
reports in the field of graphene also demonstrated that the presence
of GBs can strongly influence the electronic [136,137], magnetic [138]
and mechanical [139] performance of the devices. Consequently, the
local leakage current increase at the GBs of h-BN should be considered
during the design of the devices. Fortunately, CVD growth process de-
velops very fast, and 2D materials with very large grain sizes have
been reported. S. Bae et al. [140] reported 30 in. graphene films on
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Fig 6. (a) Schematic of a multilayer h-BN stack characterized by CAFM. (b) and (c) are the topographic and current maps collected with the CAFM on multilayer #-BN. Reprinted with

permission from [117].
(Copyright American Chemical Society 2012.)
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Fig. 7. Atomic scale defects in hexagonal boron nitride. (a) Schematic of different possible
atomic configurations at the brain boundaries of 2-BN. The boron and nitrogen atoms are
represented with pink and blue spheres, respectively. (b) and (c) show scanning
tunneling microscope and transmission electron microscope images of a grain boundary
in h-BN (respectively). (d) Local density of states and schematic of a 5|7 grain boundary
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(Copyright from American Chemical Society 2015 and American Chemical Society 2013.)

copper foil for transparent roll-to-roll production, and G. Y. Lu et al.
[141] synthesized monolayer h-BN with grain sizes above 80 um. Never-
theless, the presence of GBs in dielectrics could be even useful in differ-
ent configurations, as they may allow some GB-driven additional
properties, such as resistive switching [142].

Thickness fluctuations is another principal source of variability in
ultra-thin dielectrics. The tunneling current through h-BN dielectric
stacks with different thicknesses has been studied by several groups
[63,143]. Y. F. Ji et al. [142] reported that the presence of multilayer
islands in CVD-grown monolayer h-BN sheets (Fig. 8a) produces the

apparition of insulating areas current maps collected by CAFM (Fig. 8a
and 8b, respectively). G. H. Lee etal. [63] quantified the local conductiv-
ity of mechanically exfoliated h-BN nanosheets with different thick-
nesses, using also a CAFM. His I-V curves indicate that the tunneling
current across the h-BN decreases as the thickness of the stack increases
(Fig. 8c). Interestingly, at low electrical fields the tunneling current
through h-BN stacks with thicknesses of one, two and three layers fit
the direct tunneling (DT} model. This conduction is masked at high
voltages, which show clear Fowler-Nordheim tunneling (FNT). The
transition between the two conduction regimes can be observed from
the I-V curves (Fig. 8¢}, which shape transforms from the linear (at
low bias} into exponential (at high bias). These observations were
later confirmed by L. Britnell et al. [122] who studied the tunneling cur-
rent in mechanically exfoliated h-BN nanosheets, but in this case using
strategically patterned electrodes by electron beam lithography. It is
worth noting that the current densities observed by Britnell are about
two orders of magnitude larger than those reported by G. H. Lee et al.
[63] and Y. F. Ji et al. [142], probably due to the lower electrical contact
resistance of the patterned electrodes compared to that of the CAFM
setup. After that, N. Guo et al. [113] reported that the DT conduction at
low fields could be maintained in thick (>18 nm} h-BN stacks, but the
I-V curves and atomically flat surface of the stack in this work are not
conclusive, making necessary a corroboration of this finding.

It should be highlighted that synthesizing h-BN stacks with an exact
controlled amount of layers at all locations of its surface is extremely
challenging. For this reason, when a 2D material is synthesized and its
thickness is reported, it is convenient to indicate the amount (percent-
age) of area that fits the theoretical thickness. For example, X. S. Li et
al. [143] reported the fabrication of graphene sheets that are monolayer
in at least the 95% of their surface. Even 2D materials suppliers rarely
state an exact number of layers within a multilayer sample, and they
usually indicate a range in the specifications. Graphene Supermarket
supplies multilayer h-BN films with thicknesses between 10 and
13 nm [144]. The quantification of the number of layers at a single loca-
tion of the sample, as well as the percentage of area for a specific thick-
ness can be easily performed using a standard CAFM [142].

Another defect very difficult to control during the growth process of
the h-BN film is the formation of wrinkles, which can be also easily ob-
served with an optical microscope, SEM and/or AFM (Fig. 8a). The origin
of the wrinkles in h-BN is related to the large temperatures required by
the CVD growth process, which are almost always above 750 °C. After
the h-BN growth, the setup containing the h-BN/Cu stack needs to be
cooled down, which produces the apparition of compressive strains in
the h-BN due to the mismatch of the thermal expansion coefficients of
both materials. In order to relax this compressive strain, the 2D sheet
tends to delaminate from the substrate, leading to the formation of
wrinkles. Oliveira et al. reported that the wrinkles in h-BN tend to
form threefold origami-type junctions throughout the 2D sheet. The
wrinkles in h-BN can shift the Raman peak frequency of the E;; mode
to higher frequencies [145], and alter the secondary diffraction spots
in TEM [82]. From an electrical point of view, the presence of a gap be-
tween the h-BN and the substrate (Fig. 8d and 8e) produces an effective
increase of the dielectric thickness at that location. This phenomenon
can be corroborated from CAFM current maps (Fig. 8f), which display
the wrinkles as long insulating lines. The more insulating nature of the
wrinkled sites could reduce the amount of charge stored in a capacitor
[146] and induce threshold voltage inhomogeneities in FETs [147]. Itis
worth noting that the wrinkles formed during the CVD growth are
maintained during the transfer process of the 2D sheet onto random
substrates. N. Liu et al. [148] observed that by soaking the 2D sheet in
an ultrasonic bath for some hours the amount of wrinkles could be sig-
nificantly reduced. A more effective methodology consists onincreasing
the roughness of the substrate on which the 2D material is transferred
[149]. Using this methodology, the 2D sheet can relax the compressive
strain by adapting to the voids present at the surface of the substrate.
Nevertheless, these methodologies could bring associated other
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Fig. 8. Nanometric scale defects in hexagonal boron nitride. (a) SEM image of a CVD-grown h-BN film, showing multilayer islands and wrinkles. (&) 1 pm > 1 pm current map and (c) IV
curves collected with a CAFM on h-BN. (d) topographic map and (e) schematic of a wrinkle in #-BN. (f) 10 um x 10 pm current map of a portion of the sample shown in (a), which displays
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(Copyrights from American Institute of Physics 2011 and 2016.)

undesired effects, like the formation of cracks during the ultrasonic bath
or the presence of voids between the substrate and the 2D sheet. There-
fore, completely avoiding the formation of wrinkles or getting totally rid
of their effect is, to date, an almost impossible task.

The last h-BN defect commented in this work is the presence of
cracks. A crack can be understood as a physical discontinuity of the 2D
sheet, and it is an extremely harmful defect in 2D insulators used as di-
electric. For example, when graphene sheets are used as conductive
channel, cracks represent a reduction of the effective area through
which the current can flow and, therefore, an inarease of the electronica
resistance. Despite this defect may alter the performance of the device,
unless the channel is completely broken, the device can still be operat-
ed. On the contrary, an atomic scale crack within a dielectric
sandwiched by two electrodes can produce the dielectric breakdown
(BD) of the whole structure, and the irreversible failure of the device.
As mentioned, cracks can be generated during the CVD growth process
if the substrate is not fully covered with at least one layer of h-BN. More-
over, cracks can be also generated when a continuous 2D sheet is phys-
ically broken due to an external strain. The most common source of
cracks in h-BN and other 2D materials is the use of a transfer process,
which can locally break the sheets due to high mechanical strains
[150]. Other sources of cracks in 2D materials could be produced by
electromigration due to extremely large current densities [151-152].

5.2. Reliability and dielectric breakdown

For a dielectric, reliability is defined as the ability of keeping unal-
tered its insulating properties during device operation [153]. In ultra-
scaled technologies, dielectric reliability is even more important be-
cause, despite operation voltages are usually reduced with the scaling
down of the devices, it is true that thinner dielectrics usually have to
withstand larger electrical fields [154], which can lead to prohibitive
leakage currents and power consumption. The electrical field can

generate different types of defects in the microstructure of the dielectric
[155], leading to the apparition of stress induced leakage currents (SILC)
though it [156]. In some materials with high densities of native defects
(such as high-k dielectrics) strong leakage current fluctuations during
the degradation process have been observed, which is known to be a
consequence of charge trapping and detrapping [157]. When the densi-
ty of defects prohibitively increases, many partially formed defective
paths can propagate across the dielectric, leading to a remarkable in-
crease of the leakage current at very low voltages: this is the onset of
the soft breakdown [158]. Finally, if the electrical stress still persists
one of these conductive paths becomes dominant, forming a defect-re-
lated conductive filament that physically connects the top and bottom
electrodes. This situation is called hard dielectric breakdown (BD}, and
it usually produces the failure of the device [154]. The whole degrada-
tion process of an amorphous 2 nm thick HfQ, dielectric film is
displayed in Fig. 9a using sequences of I-V curves collected with a CAFM.

Recent investigations have reported important differences between
the degradation process of h-BN dielectric stacks and traditional oxide
dielectrics. Two different sources reported that the failure of the h-BN
occurs layer-by-layer. This unprecedented behavior was presented for
the first time in 2015 by Y. Hattori et al. [159], who used a CAFM con-
nected to a semiconductor parameter analyzer (SPA) to monitor the di-
electric breakdown of (mechanically exfoliated) multilayer h-BN
nanosheets with different thicknesses. Interestingly, his results show
the BD of one/two layers of h-BN in each I-V curve, until the complete
stack was broken. These surprising observations were recently corrobo-
rated by Y. F. Ji et al. [142], who collected sequences of CAFM I-V curves
on CVD-grown h-BN, and fitted them using charge transport modeling.
More specifically, she compared the performance of HfO, and h-BN di-
electric films with similar equivalent oxide thicknesses (EOT) [160];
therefore, comparisons between the I-V curves collected under similar
ramped voltage stress (RVS) are meaningful. The results indicate that,
while HfQ, films suffer from charge trapping/detrapping, SILC and
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Fig. 9. Dielectric breakdown process in 3D and 2D layered dielectrics. (a) Current-voltage (I-V) curves collected with the CAFM on a 2 nm thick HfO, dielectric film (single location). The
plot clearly displays three regions: charge trapping/detrapping, SILC and Ohmic conduction (BD). (b) Sequence of 18 IV curves measured on a bilayer spot of a CVD-grown h-BN stack
(single location). The layer-by-layer BD process can be clearly observed. (c) Current-time (I-t) curves collected with a probestation in squared 100 pm x 100 um capacitors with
multilayer CVD-grown h-BN, using different low voltages. (d) Proposed schematic of the dielectric breakdown process in 2D layered dielectrics. Modified and reprinted with

permission of [137].
(Copyright American Institute of Physics 2016.)

premature BD within 45 RVS (from 0 V to 3 V, Fig. 9a}, the h-BN showed
unaltered conduction during > 112 RVS. Only when larger voltages were
applied, the BD of a layer within the h-BN stack was triggered, leading to
a sudden shift of the IV curve towards lower potentials (Fig. 9b). It is
worth noting that such jump was not preceded by the large current fluc-
tuations typically observed in 3D dielectrics (Fig. 9a} [161], and only
small fluctuations were recorded.

Hattori and co-workers attributed his unusual degradation mecha-
nism to the unique anisotropic speed for defect formation in layered
2D layered dielectrics [159]. Unlike 3D insulators (i.e. HfO,, Al,O3 and
Ti0-}, in which the bonding is similar in all directions, 2D layered h-
BN stacks form covalent bonding in-plane, while the interaction be-
tween adjacent layers is dominated by Van der Waals forces. This geom-
etry-dependent atomic interaction generates different speeds for defect
formation in-plane and out-of-plane. The increase of leakage current
produced by the generation of new defects distributed parallel and
transversely to the applied electrical field is different (as in conventional
3D dielectrics). The total currents measured in the I-V curves can be de-
scribed as I = J (tox) - Agr[162-163], where [ is the current density, tox
is the thickness of the dielectric and Agyis the effective area though
which f flows. The nomenclature tox is used for similarity with the di-
electric breakdown literature [116,164], although h-BN is not an oxide
film. In-plane defects don’t modify the effective thickness of the h-BN
stack, and just produce a linear increase of area for current flow (Agg),
represented with deg (diameter of Aeg) in the schematic of Fig. 9d. On
the contrary, the formation of defects in adjacent layers implies a reduc-
tion of tox, which strongly alters the value of J (see also Fig. 9d, drawing

IV.}. Due to the exponential dependence between f and tox in most con-
duction mechanisms though a dielectric [165], it can be concluded that
the current increase produced by the formation of out-of-plane defects
is larger than that of in-plane ones. Therefore, the sudden current shifts
displayed in Fig. 9b should be related to the BD of a layer within the h-
BD stack, while the small current fluctuations within each current step
should be related to the formation of in-plane defects.

It should be highlighted that, when measuring random locations
with the CAFM, the probability of placing the tip on a GB within the
CVD-grown h-BN is very low, because the area covered by the grains
is much larger than that covered by GBs, indicating that nanoscale stud-
ies are most likely displaying the electrical behavior of the grains [166].
This is probably the reason why the results from Y. F. Ji et al. [142] in
CVD-grown h-BN agree so well with those reported by Hattori [159]
and/or Lee [63], who used mechanically exfoliated h-BN nanosheets.
On the contrary, device level experiments are very susceptible to hot
spots within the total area under tests, as the BD process is a stochastic
phenomenon that always takes place at the weakest location of the
sample. As explained in the previous subsection, h-BN dielectric stacks
could contain many imperfections that alter their electronic properties
and, despite intrinsic homogeneities in principle only present a variabil-
ity concern, in traditional dielectrics it has been demonstrated that loca-
tions with different electronic properties have also shown different
degradation speeds [167-168]. Therefore, the study of the degradation
process of polycrystalline CVD-grown h-BN stacks also requires device
level studies. Interestingly, I-t curves collected with the probestation
in multilayer CVD-grown h-BN stacks show random telegraph noise
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(RTN) signals (Fig. 9c), which are typical of defective materials [169].
Therefore, the RTN signals should be attributable to the GBs in h-BN,
as they are known to hold a larger conductivity and higher density of
defects and [170]. In any case, the progressive BD process observed at
the device level in h-BN capacitors (Fig. 9c) contrasts with the sharp
BD observed in similar (polycrystalline} HfO, based devices [171], indi-
cating that even at the GBs of CVD-grown h-BN the degradation of the
stack occurs layer-by-layer. Furthermore, the observation of both
stepped and progressive current increases in the I-t curves (from L to
I and from IL to ILbis, respectively, in Fig. 9¢) further supports the aniso-
tropic nature of defect formation. Another interesting behavior revealed
by the device level tests is the partial recuperation of the resistance of a
layer. As Fig. 9c shows, the I-t curves not only show step-up current in-
creases related to the BD of an h-BN layer within the stack, but also
steps-down of a similar magnitude, indicating its partial recuperation.
This behavior was not observed at the nanoscale, indicating that it is
probably a GBs-driven effect. Successive device level stresses reveal re-
sistance recovery of more than two orders of magnitude, indicating that
this material may be suitable or resistive switching applications. It is
worth noting that defect-rich GBs are known to be the resistive
switching driving feature in many polycrystalline TMO dielectrics
[167-168,172-173].

Among all common defects in h-BN stacks, boron vacancies are the
most likely to be formed, as they show the lowest activation energy.
Using density-functional tight-binding (DFTB) calculations, A. Zobelli
et al. [174] reported that boron vacancies are first thermally activated
and can overcome the energy barriers, allowing migration and forming
stable h-BN divacancies. However, nitrogen vacancies do not undergo
thermally activation below the melting point of h-BN. More specifically,
the energy threshold for knock-on damage of boron atoms in h-BN is
74 keV, which is much lower than the nitrogen atoms (84 keV).

Ultimately, the dielectric hard breakdown of the whole stack is
reached when a high enough electrical field is applied. Several reports
measured the dielectric strength of h-BN stacks synthesized following
any of the processes described in Section 2, and the values reported
range between 1.5 and 12 MV/cm [63,113,122,175-177] (see Table 1).
Unfortunately, to our knowledge, only the work by Y. Hattori et al.
[159] reported statistical information about the BD phenomenon in
multilayer h-BN, which revealed an interesting phenomenon: thicker
h-BN stacks show lower slopes in the Weibull distribution (Fig. 10c).
This phenomenon is opposed to the observations traditionally made in
amorphous oxides [178]. In dielectrics with an amorphous structure
(like SiO, or as-grown high-k dielectrics, Fig. 10a), in which inhomoge-
neities can be neglected, the BD process is characterized by: i} the ran-
domness of defect formation within the volume of the dielectric, and
ii} the absence of defect-to-defect interaction [154]. Under these as-
sumptions, the time-to-breakdown (also called time dependent dielec-
tric breakdown, or TDDB) follows the Weibull statistical distribution,
which has been used during the last two decades to perform technology
reliability assessments. With the introduction of polycrystalline high-k
dielectrics in microelectronics this model needed to be deeply revised
[179], due to the different conductivities of both grains and GBs (Fig.
10b). Basically the grain boundaries introduce short TDDBs in the

Weibull slope, which reduces its slope. Due to the almost uncontrollable
nature of the amount and position of the defects at the GBs, these new
points are difficult to evaluate and predict. This is the main reason
that makes reliability studies of polycrystalline dielectrics much more
complex and inaccurate than in amorphous ones. The data in Fig. 10¢
suggest that the BD process in multilayer h-BN stacks may not follow
the percolation theory, which would have important implications in
electronic devices containing 2D layered dielectrics. Nevertheless, the
experiments presented in Fig. 10c were performed using a CAFM,
which may accelerate the BD due to the lower stability of the metallic
coating on the CAFM tip, as it can melt at the large current densities
measured during the BD. Moreover, that study has been developed on
mechanically exfoliated h-BN nanosheets, which do not contain GBs.
Therefore, more reliability studies based on nanoscale and device level
characterization using different types of h-BN, as well as atomistic sim-
ulations and current modeling are necessary to accurately describe the
degradation process of h-BN films.

Finally, it should be highlighted that BN may also show some post-
BD properties, such as resistive switching. As mentioned above, P. S.
Lee [97] fabricated a transfer-free metal/BN/metal resistive memory de-
vices using a polycrystalline 3D film made of BN grown by CVD on cop-
per, followed by top metal evaporation. The interesting point is that the
authors attributed this phenomenon to the presence of grain bound-
aries in the BN film. Despite the validity of these results is still intriguing
because the films presented doesn't correspond to 2D layered h-BN, this
report opens the door to the use of BN for the fabrication of non-volatile
memory devices.

6. Conclusions

The use of two dimensional insulators as dielectrics is an attractive
methodology to enhance the performance of electronic devices. Hexag-
onal boron nitride is until now the 2D layered dielectric that has been
more intensively investigated, due to its good compatibility with
graphene. Initially, h-BN was used as anti-scattering substrate in
graphene transistors, but the material started rapidly to attract atten-
tion as functional dielectric. On one hand, it has been already demon-
strated that layered h-BN is much more stable vs. electrical stresses
than other widely used dielectrics, such as HfO,. Furthermore, h-BN ex-
hibits a very unusual layer-by-layer dielectric breakdown due to an an-
isotropic speed for defect formation laterally and vertically, a behavior
that may have a deep influence in the reliability of future electronic de-
vices. And on the other hand, depending on the synthesis method, the h-
BN layered dielectric can contain different amounts of local defects,
being grain boundaries, thickness fluctuations, wrinkles and cracks the
more common. Recent studies reported that these defects can alter
the variability and reliability of the materials and devices in which
they are introduced which enhance the local conductivity of the materi-
al. Itis also expected that these defects may drive some interesting phe-
nomena, i. e. the grain boundaries in polycrystalline CVD-grown h-BN
may exhibit resistive switching, as it already happens in transition
metal oxides. Therefore, more investigations to clarify the impact of

Table 1

Dielectric strength of BN films reported in the literatures.
Fabrication method Setup Area BN field (MV/cm) Reference
Mechanical exfoliation CAFM ~100 nm? 7.94 [63]
Mechanical exfoliation CAFM ~100 nm? ~12 [159]
Mechanical exfoliation CAFM ~100 nm? 10 [122]
Mechanical exfoliation Probestation Ti/Au electrodes (1000 um?) 6.4-9.0 [175]
CVvD Probestation Au electrodes (18 mm x 200 pm) ~8.0 [133]
CvD Probestation Ti/Au electrodes (5 pm x 5 pm) 1.5-25 [70]
Magnetron sputtering Probestation Ru electrodes (3 um?) x [68]

The symbol “*” indicates that the paper doesn't give a value for the dielectric strength, butit shows that the tunneling conductance of sputtered BN is similar to that of exfoliated one, which

is also a relevant information for comparing the quality of the films.
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Fig. 10. Statistics of the dielectric breakdown in thin dielectrics. (a) Typical normalized Weibull distributions of the charge-to-breakdown in SiO; films with different thicknesses. (b)
Weibull statistics of amorphous and polycrystalline dielectrics with highly conductive grain boundaries. (c) Weibull distributions for multilayer h-BN stacks with different thicknesses.
Unlike for SiOs, in h-BN the slope decreases with the thickness. Modified and reprinted from [155,174-175].

(Copyrights from American Chemical Society 2015, Elsevier Ltd. 2005 and IEEE 2011.)

2D layered dielectrics in microelectronics, as well as their variability and
reliability are necessary.

The route for the fabrication of h-BN based devices should include: i}
synthesis of h-BN films on different substrates, not only on metallic foils
but also on metal-coated Si wafers; ii) reducing the growth tempera-
tures to avoid excessive thermal budget, iii} further controlling the
amounts of defects, specially grain boundaries and thickness fluctua-
tions, iv) developing more methodologies to build the devices, especial-
ly in terms of h-BN transfer and etching, and v} developing and
demonstrating new transfer-free device architectures, such as resistive
random access memories. Nevertheless, the current ability to grow the
material and the scarce knowledge their dielectric performance con-
forms a privileged situation for reliability engineers and scientists, as
standard analyses are required, for example: i} local electronic charac-
terization (using scanning tunneling microscopy, conductive atomic
force microscopy or kelvin probe force microscopy), ii} first principles
simulations of the grain boundaries (three dimensional, not only in
plane}, iii} tunneling current simulations and fitting to the quantum
point contact model (among others), iv) validity of the percolation
model for the dielectric breakdown, v} breakdown statistics based on
Weibull analyses (time-to-breakdown and maximum charge accumu-
lated in the dielectric), vi} compatibility with adjacent layers (migration
of boron ions and effect of boron vacancies on the conductivity of the
material), and vi) resistive switching tests are required. In summary,
all the reliability analyses developed during the last decade for high-k
dielectrics need to be performed in these new 2D layered dielectrics be-
fore their introduction in real products.

Acknowledgments

This work has been supported by the Young 1000 Global Talent Re-
cruitment Program of the Ministry of Education of China, the National
Natural Science Foundation of China (grant nos. 61502326,
41550110223, 11661131002}, the Government of Jiangsu Province
{grant no. BK20150343}, the Ministry of Finance of China (grant no.
$X21400213) and the Young 973 National Program of the Chinese Min-
istry of Science and Technology (grant no. 2015CB932700). The

Collaborative Innovation Center of Suzhou Nano Science & Technology,
the Jiangsu Key Laboratory for Carbon-Based Functional Materials & De-
vices and the Priority Academic Program Development of Jiangsu
Higher Education Institutions are also acknowledged.

References

[1] Report contents and summaries: section 6: memory market overview, http://

www icinsights.com/services/mcclean-report/report-contents/

Lilienfeld Julius Edgar U.S. Patent 1,745,175 “Method and apparatus for controlling

electric currents”, October 22th, (1925).

[3] G.I Meijer, Science 318 (2008) 1625-1626.

[4] New outlook: the most exciting Nehalem-EP processor, 2008, online available at
http://www.cnetnews.com.cn/2008/1226/2026930.shtml on December 26th of
2008.

[5] S. Thompson, N. Anand, M. Armstrong, C. Auth, B. Arcot, M. Alavi, P. Bai, ]. Bielefeld,

R. Bigwood, J. Brandenburg, M. Buehler, S. Cea, V. Chikarmane, C. Choi, R Frankovic,

T. Ghani, G. Glass, W. Han, T. Hoffmann, M. Hussein, P. Jacob, A. Jain, C. Jan, S. Joshi,

C. Kenyon, ]. Klaus, S. Klopcic, ]. Luce, Z. Ma, B. Mcintyre, K. Mistry, A Murthy, P.

Nguyen, H. Pearson, T. Sandford, R. Schweinfurth, R. Shaheed, S. Sivakumar, M.

Taylor, B. Tufts, C. Wallace, P. Wang, C. Weber, M. Bohr, IEDM Tech. Dig. (2002)

61-64, http://dx.doiorg/10.1109/IEDM.2002.1175778.

R. Chau, S. Datta, M. Doczy, ]. Kavalieros, M. Metz, Proceedings of International

Workshop on Gate Insulator, 62013 124-126.

[7] R Choi, K. Onishi, C.S. Kang, S. Gopalan, R. Nieh, Y.H. Kim, J H. Han, S. Krishnan, HJ.
Cho, A Shahriar, ].C. Lee, IEDM Tech. Dig. (2002) 613-617, http://dx.doiorg/10.
1109/IEDM.2002.1175914.

[8] G. Lucovsky, B. Rayner, Y. Zhang, J. Whitten, IEDM Tech. Dig. (2002) 617-620,

http://dx.doi.org/10.1105/[EDM.2002.1175915.

S. Inumiya, K. Sekine, S. Niwa, A. Kaneko, M. Sato, T. Watanabe, H. Fukui, Y. Kamata,

M. Koyama, A. Nishiyama, M. Takayanagi, K. Eguchi, Y. Tsunashima, Symp. on VLSI

Technol 17 (2003) http://dx.doi.org/10.1108/VLSIT.2003.1221064.

Y. Kim, C. Lim, CD. Young, K. Matthews, ]. Barnett, B. Foran, A. Agarwal, G.A. Brown,

G. Bersuker, P. Zeitzoff, M. Gardner, RW. Murto, L. Larson, C. Metzner, S. Kher, HR

Huff, Symp. on VLSI Technol. (2003) 167-168, http://dx.doi.org/10.1109/VLSIT.

2003.1221138.

M. Lanza, M. Porti, M. Nafria, X. Aymerich, G. Benstetter, E. Lodermeier, H.

Ranzinger, G. Jaschke, S. Teichert, L. Wilde, P. Michalowski, Microelectron. Eng.

86 (2009) 1521-1524.

[12] J A Kittl, K. Opsomer, M. Popovici, N. Menou, B. Kaczer, XP. Wang, C. Adelmann, MA.

Pawlak, K Tomida, A. Rothschild, B. Govoreanu, R. Degraeve, M. Schaekers, M. Zahid,
A Delabie, ]. Meersschaut, W. Polspoel, S. Clima, G. Pourtois, W. Knaepen, C. Detavemier,
V. Afanasev, T. Blomberg, D. Pierreux, J. Swerts, P. Fischer, ]. W. Maes, D. Manger, W.
Vandervorst, T. Conrad, A. Franquet, P. Favia, H. Bender, B. Brijs, S. Van Elshocht, M.
Jurczak, J. Van Houdt, DJ. Wouters. ECS Trans. 19 (2009) 25-40.

[2

6

[9

(10]

(1]

-35 -




Article 1

132 F. Hui et al. / Microelectronic Engineering 163 (2016) 119-133

[13] S. Swaminathan, M. Shandalov, Y. Oshima, P.C. McIntyre, Appl. Phys. Lett. 96
(2010) 082904.

[14] R.M. Wallace, G. Wilk, MRS Bulletin. 27 (2002) 186-191.

[15] V. Mistra, G. Lucovsky, G. Parsons, MRS Bulletin. 27 (2002) 212-216.

[16] C.Hobbs, L. Fonseca, V. Dhandapani, S. Samavedam, B. Taylor, ]. Grant, L. Dip, D.
Triyoso, R. Hegde, D. Gilmer, R Garcia, D. Roan, L Lovejoy, R. Rai, L. Hebert, H.
Tseng, B. White, P. Tobin, Symp. on VLSI Technol. (2003) 8-10, http://dx.doi.org/
10.1108/VLSIT.2003.1221060.

[17] SJ. Pearton, F. Ren, AP. Zhang, K.P. Lee, Mater. Sci. Eng. 30 (2000) 55-212.

[18] C.T.Lee, HW. Chen, H.Y. Lee, Appl. Phys. Lett. 82 (2003) 4304-4306.

[19] AK. Geim, K.S. Novoselov, Nat. Mater. 6 (2007) 183-191.

[20] V.E. Dorgan, MH. Bae, E. Pop, Appl Phys. Lett. 87 (2010) 082112

[21] B. Radisavljevic, A Radenovic, J. Brivio, V. Giacometti, A Kis, Nat. Nanotechnol. 6
(2011) 147-150.

[22] M.C. Lemme, T.J. Echtermeyer, M. Baus, H. Kurz, IEEE Electron Device Lett. 28
(2007) 282-284.

[23] Y.Lin, KA. Jenkins, A. Valdes-Garcia, ].P. Small, D.B. Farmer, P. Avouris, Nano Lett. 9
(2009) 422-426.

[24] E. Guerriero, L Polloni, M. Bianchi, A. Behnam, E. Carrion, L.G. Rizzi, E. Pop, R.
Sordan, ACS Nano 7 (2013) 5588-5594.

[25] Y.M.Lin, KA. Jenkins, A. Valdes-Garcia, JP. Small, D.B. Farmer, P. Avouris, Nano Lett.
9 (2009) 422-426.

[26] Y. Wu, Y. Lin, AA. Bol, KA. Jenkins, F. Xia, D.B. Farmer, Y. Zhu, P. Avouris, Nature
472 (2011) 74-78.

[27] Y.M. Lin, C. Dimitrakopoulos, K.A. Jenkins, D.B. Farmer, H.Y. Chiu, A. Grill, P. Avouris,
Science 327 (2010) 662.

[28] International Technology Roadmap for Semiconductors of 2008, online available at
www.itrs.net/Links/2008ITRS/Home2008.htm on February 15th of 2016.

[28] H.Wang, LL Yu, Y.H. Lee, YM. Shi, A Hsu, M.L. Chin, LJ. Li, M. Dubey, J. Kong, T.
Palacios, Nano Lett. 12 (2012) 4674-4680.

[30] T. Georgiou, R. Jalil, B.D. Belle, L. Britnell, RV. Gorbachev, S.V. Morozov, YJ. Kim, A.
Gholinia, SJ. Haigh, O. Makarovsky, L. Eaves, LA. Ponomarenko, AK. Geim, K.S.
Novoselov, A. Mishchenko, Nat. Nanotechnol. 8 (2013) 100-103.

[31] H.S.S.R. Matte, A. Gomathi, AK. Manna, D.J. Late, R. Datta, S.K. Pati, CN.R. Rao,
Angew. Chem. 122 (2010) 4153-4156.

[32] M.S. Fuhrer, ]. Hone, Nat. Nanotechnol. 8 (2013) 146-147.

[33] B. Radisavljevic, A. Kis, Nat. Nanotechnol. 8 (2013) 147-148.

[34] Y. Yoon, K. Ganapathi, S. Salahuddin, Nano Lett. 11 (2011) 3768-3773.

[35] A.D. Franklin, Science 349 (2015) 2750.

[36] A.C. Ferrari, F. Bonaccorso, V. Fal'ko, K. S. Novoselov, S. Roche, P. Baggild, S. Borini,
F.H. Koppens, V. Palermo, N. Pugno, JA. Garrido, R. Sordan, A. Bianco, L. Ballerini, M.
Prato, E. Lidorikis, ]. Kivioja, C. Marinelli, T. Ryhanen, A. Morpurgo, |.N. Coleman, V.
Nicolosi, L. Colombo, A. Fert, M. Garcia-Hernandez, A. Bachtold, G.F. Schneider, F.
Guinea, C. Dekker, M. Barbone, Z. Sun, C. Galiotis, AN. Grigorenko, G. Konstantatos,
A. Kis, M. Katsnelson, L. Vandersypen, A. Loiseau, V. Morandi, D. Neumaier, E.
Treossi, V. Pellegrini, M. Polini, A. Tredicucci, G.M. Williams, B.H. Hong, . H. Ahn,
J.M. Kim, H. Zirath, BJ. van Wees, H. van der Zant, L. Occhipinti, A Di Matteo, LA.
Kinloch, T. Seyller, E. Quesnel, X. Feng, K. Teo, N. Rupesinghe, P. Hakonen, S. R.
Neil, Q. Tannock, T. Lofwander, ]. Kinaret, Nanoscale 7 (2015) 4598-4810.

[37] H.Yang, T. Shin, M.M. Ling, K. Cho, C.Y. Ryu, Z.N. Bao, J. Am. Chem. Soc. 127 (2005)
11,542-11,543.

[38] DW. Wang, Q Wang, A Javey, R. Tu, HJ. Dai, H. Kim, P.C. Mcintyre, T.
Krishnamohan, K.C. Saraswat, Appl. Phys. Lett. 83 (2003) 2432-2434.

[39] A.A Demkov, O.F. Sankey, Phys. Rev. Lett. 83 (1999) 2038.

[40] JL. Alay, M. Hirose, J. Appl Phys. 81 (1997) 1606.

[41] B. Brar, G.D. Wilk, A.C. Seabaugh, Appl Phys. Lett. 69 (1996) 2728.

[42] H. Liu, K. Xu, X. Zhang, P.D. Ye, Appl. Phys. Lett. 100 (2012) 152115.

[43] S. McDonnell, B. Brennan, A Azcatl, N. Lu, H. Dong, C. Buie, J. Kim, CL. Hinkle, M.J.
Kim, RM. Wallace, ACS Nano 7 (11) (2013) 10354-10361.

[44] S. Kim, J. Nah, L Jo, D. Shanhrgerdi, L.G. Colombo, Z. Yao, E. Tutuc, S.K. Banerjee,
Appl. Phys. Lett. 94 (2009) 062107.

[45] DJ. Late, B. Liu, H.S.S. Ramakrishna Matte, V.P. Dravid, CN.R. Rao, ACS Nano 6
(2012) 5635-5641.

[46] G.H. Lee, YJ. Yu, X. Cui, N. Petrone, C. Lee, ML.S. Choi, D.Y. Lee, C. Lee, WJ. Yoo, K.
Watanabe, T. Taniguchi, C. Nuckolls, P. Kim, J. Hone, ACS Nano 7 (2013) 7931-7936.

[47] T.Roy, M. Tosun, ] K. Kang, A.B. Sachid, S.B. Desai, M. Hettick, C.C. Hu, A. Javery, ACS
Nano 8 (2004) 6253-6264

[48] R.Zan, Q.M. Ramasse, R. Jalil, U. Bangert, Nanotechnol. Nanomaterials (2013)
http://dx.doi.org/10.5772/56640.

[49] G. Giovannetti, P.A. Khomyakov, G. Brocks, P.J. Kelly, J. van den Brink, Phys. Rev. B
76 (2007) 73103.

[50] A. Gupta, T. Sakthivel, S. Seal, Prog. Mater. Sci. 73 (2015) 44-126.

[51] M.Xu, T. Liang, M. Shi, H.Z Chen, Chem. Rev. 113 (2013) 3766-3798.

[52] K.S. Novoselov, AK. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, LV.
Grigorieva, AA. Firsov, Science 306 (2004) 666-669.

[53] K.S. Novoselov, AH.C. Neto, Phys. Scr. 146 (2012) 014006.

[54] LH.Li Y. Chen, BM. Cheng, M.Y. Lin, S.L. Chou, Y.C. Peng, Appl. Phys. Lett. 100
(2012) 261108.

[55] AGF. Garcia, M. Neumann, F. Amet, | R. Williams, K. Watanabe, T. Taniguchi, D.G.
Gordon, Nano Lett. 12 (2012) 4449-4454.

[56] D. Pacilé, J.C. Meyer, C.O. Girit, A. Zettl, Appl. Phys. Lett. 92 (2008) 133107.

[57] C.Li, Y. Bando, C. Zhi, Y. Huang, D. Golberg, Nanotechnology 20 (2009)
385707.

[58] K.Watanabe, T. Taniguchi, Int. . Appl. Ceram. Technol. 8 (2011) 977-98S.

[58] W. Gannett, W. Regan, K. Watanabe, T. Taniguchi, M.F. Crommie, A. Zettl. Appl.
Phys. Lett. 88 (2011) 242105.

[60] Y. Kubota, K. Watanabe, O. Tsuda, T. Taniguchi, Science 317 (2007) 932-534.

[61] KJ. Watanabe, T. Taniguch, T. Niiyam, K. Miya, M. Taniguchi, Nat. Photonics. 3
(2009) 591-594.

[62] Z. Liu, Y.J. Gong, W. Zhou, LL. Ma, JJ. Yu, ].C. Idrobo, J. Jung, A.H. MacDonald, R.
Vajtail, J. Lou, P.M. Ajayan, Nat. Commun. 4 (2013) 254.

[63] G.H.Lee, Y] Yu, CG. Lee, C. Dean, KL. Shepard, P. Kim, ]. Hone, Appl Phys. Lett. 99
(2011) 243114.

[64] LH.Li Y. Chen, G. Behan, H.Z. Zhang, M. Petravicc, AM. Glushenkov, J. Mater.
Chem. 21 (2011) 11862-11866.

[65] KS. Novoselov, D. Jiang, F. Schedin, TJ. Booth, V.V. Khotkevich, SV. Morozov, AK.
Geim, PNAS 102 (2005) 10451-10453.

[66] XL.Li, XP. Hao, MW. Zhao, Y.Z. Wu, J.X. Yang, Y.P. Tian, G.D. Qian, Adv. Mater. 25
(2013) 2200-2204.

[67] F.Torrisi, T. Hasan, W. Wu, Z. Sun, A. Lombardo, T.S. Kulmala, GW. Hsieh, S. Jung, F.
Bonaccorso, P.J. Paul, D. Chu, A.C. Ferrari, ACS Nano 6 (2012) 2992-3006.

[68] P.Sutter, J. Lahiri, P. Zahl, B. Wang, E. Sutter, Nano Lett. 13 (2013) 276-281.

[69] J.M. Caicedo, G. Bejarano, G. Zambrano, E. Bacal, 0. Moran, P. Prieto, Phys. Stat. Sol-
idi B 242 (2005) 1920-1923.

[70] KK.Kim, A. Hsu, XT. Jia, S.M. Kim, Y.M. Shi, M. Dresselhaus, T. Palacios, ]. Kong, ACS
Nano 6 (2012) 8583-8590.

[71] M. Goto, A Kasahara, M. Tosa, T. Kimura, K. Yoshihar, Appl. Surf. Sci. 185 (2002)
172-176.

[72] S. Nakhaie, ].M. Wofford, T. Schumann, U. Jahn, M. Ramsteiner, M. Hanke, |.M.J.
Lopes, H. Riechert, Appl. Phys. Lett. 106 (2015) 213108.

[73] AT. Barton, R. Yue, S. Anwar, H. Zhu, X. Peng, S. McDonnell, N. Ly, R. Addou, L.
Colombo, M.J. Kim, R.M. Wallace, C.L. Hinkle, Microelectron. Eng. 147 (2015)
306-308.

[74] AS. Rozenberg, Y.A. Sinenko, N.V. Chukanov, ]. Mater. Science. 28 (1993)
5528-5533.

[75] V.Cholet, L. Vandenbulcke, J.P. Rouan, ]. Mater. Sci. 29 (1954) 1417-1435.

[76] F.Rebillat, A. Guette, CR. Brosse, Acta Mater. 47 (1999) 1685-1696.

[77] CC.Tang,Y.Bando, Y. Huang, S.L Yue, CZ. Gu, FF. Xu, D. Golberg, J. Am. Chem. Soc.
127 (2005) 6552-6553.

[78] T. Matsuda, J. Mater. Sci. 24 (1989) 2353-2358.

[79] J.S. Beck, CR. Albani, AR. McGhie, ].B. Rothman, L.G. Sneddon, Chem. Mater. 1
(1989) 433-438.

[80] S. Chatterjee, Z.T. Luo, M. Acerce, D.M. Yates, AT.C. Johnson, L.G. Sneddon, Chem.
Mater. 23 (2011) 4414-4416.

[81] L. Song, LJ.Ci H. Lu, PB. Sorokin, CH. Jin, J. Ni, A.G. Kvashnin, D.G. Kvashnin, ]. Lou,
B.L Yakobson, P.M. Ajayan, Nano Lett. 10 (2010) 3209-3215.

[82] Y.M.Shi, C. Hamsen, XT. Jia, KK. Kim, A. Reina, M. Hofmann, AL Hsu, K. Zhang, H.
Li, Y. Juang, M.S. Dresselhaus, LJ. Li, J. Kong, Nano Lett. 10 (2010) 4134-4139.

[83] Y.H. Lee, KK. Liu, AY. Lu, C.Y. Wy, CT. Lin, WJ. Zhang, CY. Su, CL. Hsu, TW. Lin,
KH. Wei, Y. Shid, LJ. Li, RSC Adv. 2 (2012) 111-115.

[84] W. Auwarter, M. Muntwiler, ]. Osterwalder, T. Greber, Surf. Sci. 545 (2003)
L735-1740.

[85] W. Auwarter, H.U. Suter, H. Sachdev, T. Greber, Chem. Mater. 16 (2004) 343-345.

[86] KK.Kim, A. Hsu, X.T. Jia, SM. Kim, Y.M. Shi, M. Hofmann, D. Nezich, JF.R. Nieva, M.
Dresselhaus, T. Palacios, ]. Kong, Nano Lett. 12 (2012) 161-166.

[87] KH. Lee, HJ. Shin, J. Lee, I Lee, G.H. Kim, .Y. Choi, S.W. Kim, Nano Lett. 12 (2012)
714-718.

[88] LF. Wang, B. Wu, |.S. Chen, H.T. Liu, P.G. Hu, Y.Q Liu, Adv. Mater. 26 (2014)
1559-1564.

[89] J. Han, Y. Lee, H. Kwon, ]S. Yeo, Nanotechnology 25 (2014) 145604.

[80] P.R Kidambi, R. Blume, J. Kling, J.B. Wagner, C. Baehtz, R.S. Weatherup, R. Schloegl,
B.C. Bayer, S. Hofmann, Chem. Mater. 26 (2014) 6380-6392.

[81] G.Kim, AR. Jang, HY. Jeong, Z. Lee, D.J. Kang, H.S. Shin, Nano Lett. 13 (2013)
1834-1838.

[92] RY.Tay, SH. Tsang, M. Loeblein, W.L Chow, G.C. Loh, JW. Toh, S.L. Ang, EH.T. Teo,
Appl. Phys. Lett. 106 (2015) 101901.

[93] A.Ismach, H.Chou, DA. Ferrer, Y.P. Wu, S. McDonnell, H.C. Floresca, A. Covacevich,
C. Pope, R. Piner, M.]. Kim, R.M. Wallace, L.G. Colombo, RS. Ruoff, ACS Nano 6
(2012) 6378-6385.

[94] AB.Preobrajenski, AS. Vinogradov, N. Martensson, Surf. Sci. 582 (2005) 21-30.

[95] G.Y.Lu, T.R. Wu, QH. Yuan, H.S. Wang, H.M. Wang, F. Ding, X.M. Xie, M.H. Jiang,
Nat. Commun. 6 (2015) 1-8.

[86] XS.Li, Y.W. Zhu, WW. Cai, M. Borysiak, BY. Han, D. Chen, R.D. Piner, L. Colombo,
R.S. Ruoff, Nano Lett. 9 (2003) 4359-4363.

[87] K.Qian, RY. Tay, V.C. Nguyen, ] X. Wang, G.F. Cai, T.P. Chen, E. Hang, T. Teo, PS. Lee,
Adv. Funct. Mater. 26 (2016) 2176-2184.

[98] J.LJ. Wang, Y.F. Yang, Y.A. Chen, K. Watanabe, T. Taniguchi, H.O.H. Churchill, P.
Jarillo-Herrero, Nano Lett. 15 (2015) 1898-1903.

[99] K. Watanabe, T. Taniguchi, H. Kanda, Nat. Mater. 3 (2004) 404-40.

[100] MS. Bresnehan, MJ. Hollander, M. Wetherington, M. LaBella, KA. Trumbull, R.
Cavallero, DW. Snyder, J.A. Robinson, ACS Nano 6 (2012) 5234-5241.

[101] E.Kim, TH. Yu, ES. Song, B. Yu, Appl Phys. Lett. 98 (2011) 262103.

[102] KK.Kim, A. Hsu, X.T. Jia, S.M. Kim, Y.M. Shi, M. Hofmann, D. Nezich, ] F. Rodriguez-
Nieva, M. Dresselhaus, T. Palacios, ]. Kong, Nano Lett. 12 (2012) 161-166.

[103] LH. Li, J. Cervenka, K. Watanabe, T. Taniguchi, Y. Chen, ACS Nano 8 (2014)
1457-1462.

[104] A.Lipp, KA. Schwetz, K. Hunold, ]. Eur. Ceram. Soc. 5 (1989) 3-9.

[105] M.W. Igbal, M.Z Igbal, M.F. Khan, M.A. Shehzad, Y. Seo, | H. Park, C. Hwang, J. Eom,
Sci. Rep. 5 (2015) 10698.

[106] C.R.Dean, AF. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K. Watanabe, T.
Taniguchi, P. Kim, K.L. Shepard, . Hone, Nat. Nanotechnol. 5 (2010)
722-726.

-36 -




Article 1

E Huietal { Microelectronic Engineering 163 (2016) 119-133 133

[107] AS.Mayorov, RV. Gorbachev, S.V. Morozov, L. Britnell, R. Jalil, LA. Ponomarenko, P.
Blake, K.S. Novoselov, K. Watanabe, T. Taniguchi, AK. Geim, Nano Lett. 11 (2011)
2396-2398.

[108] J. Schiefele, E. Sols, F. Guinea, Phys. Rev. B 85 (2012) 155420.

[108] CR. Dean, A.F. Young, P. Cadden-Zimansky, L. Wang, H. Ren, K. Watanabe, T.
Taniguchi, P. Kim, J. Hone, K.L. Shepard, Nat. Phys. 7 (2011) 693-696.

[110] T. Taychatanapat, K. Watanabe, T. Taniguchi, P. Jarillo-Herrero, Nat. Phys. 7 (2011)
621-625.

[111] K.M. Burson, M. Kristen, W.G. Cullen, S, Adam, CR Dean, K. Watanabe, T. Taniguchi,
P. Kim, M.S. Fuhrer, Nano Lett. 13 (2013) 3576-3580.

[112] T. Chari, L Meric, C. Dean, K. Shepard, IEEE Trans. Electron Devices 62 (2015)
4322-4326.

[113] N.Guo,].Q, Wei, Y. Jia, H.H. Sun, Y.H. Wang, K.H. Zhao, X L. Shi, LW. Zhang, X.M. Li,
AY. Cao, HW. Zhu, KL Wang, D.H. Wu, Nano Res. 6 (2013) 602-610.

[114] G.Shi, Y. Hanlumyuang, Z. Liu, Y.J. Gong, W.L Gao, B. Li, ]. Kono, |. Lou, R Vajtai, P.
Sharma, PM. Ajayan, Nano Lett. 14 (2014) 1735-1744.

[115] M. Nafria, R. Rodriguez, M. Porti, ]. Martin-Martinez, M. Lanza, X. Aymerich, Elec-
tron Devices Meeting (IEDM), 2011 IEEE Intemational, 6.3. 1-6.3. 4

[116] M. Lanza, M. Porti, M. Nafria, G. Benstetter, W. Frammelsberger, H. Ranzinger, E.
Lodermeier, G. Jaschke, Microelectron. Reliab. 47 (9) (2007) 1424-1428.

[117] M. Lanza, V. Iglesias, M. Porti, M. Nafria, X. Aymerich, Nanoscale Res. Lett. 6 (2011)
108.

[118] M. Lanza, M. Porti, M. Nafria, X. Aymerich, G. Benstetter, E. Lodermeier, H.
Ranzinger, G. Jaschke, S. Teichert, L. Wilde, P.P. Michalowski, Nanotechnol. IEEE
Trans. Electron Devices 10 (2) (2011) 344-351.

[118] V. Iglesias, M. Lanza, K. Zhang, A. Bayerl, M. Porti, M. Nafria, X. Aymerich, G.
Benstetter, ZY. Shen, G. Bersuker, Appl. Phys. Lett. 99 (10) 103510.

[120] K.Shubhakar, K.L. Pey, M. Bosman, R. Thamankar, S.S. Kushvaha, Y.C. Loke, ZR.
Wang, N. Raghavan, X. Wu, S.J. O'Shea, IEEE Int. Symp. on Physical and Failure
Analysis of Integrated Circuits (IPFA), 2012 1-7.

[121] K. Shubhakar, N. Raghavan, K.L. Pey, Int. . Sci. Technol. 2 (2014) 81-86.

[122] L. Britnell, R.V. Gorbachev, R. Jalil, B.D. Belle, F. Schedin, M.L Katsnelson, L. Eaves,
S.V. Morozov, A.S. Mayorov, N.M.R. Peres, AH.C. Neto, J. Leist, AK. Geim, LA.
Ponomarenko, KS. Novoselov, Nano Lett. 12 (2012) 1707-1710.

[123] G. Shi, Y. Hanlumyuang, Z. Liu, Y.J. Gong, W.L Gao, B. Li, ]. Kono, J. Lo, R Vajtai, P.
Sharma, PM. Ajayan, Nano Lett. 14 (2014) 1739-1744.

[124] Y.Y. Liu, XL Zou, BI. Yakobson, ACS Nano 6 (2012) 7053-7058.

[125] T.W. Lin, CY. Su, X.Q Zhang, W.J. Zhang, Y.H. Lee, CW. Chu, H.Y. Lin, M.T. Chang,
FR Chen, LJ. Li, Small 8 (2012) 1384-1391.

[126] A.Singh, U.V. Waghmare, Phys. Chem. Chem. Phys. 16 (2014) 21664-21672.

[127] QC. Li, X.L. Zou, MX. Liu, J.Y. Sun, Y.B. Gao, Y. Qj, X.B. Zhou, B.L Yakobson, Y.F.
Zhang, ZF. Liu, Nano Lett. 15 (2015) 5804-5810.

[128] AL Gibb, N. Alem, ] H. Chen, KJ. Erickson, ]. Ciston, A. Gautam, M. Linck, A. Zettl, .
Am. Chem. Soc. 135 (2013) 6758-6761.

[126] K. Kim, Z. Lee, W. Regan, C. Kisielowski, M.F. Crommis, A. Zettl, ACS Nano 5 (2011)
2141-2146.

[130] W. Zhou, X.L. Zou, S. Najmaei, Z Liu, Y.M. Shi, ]. Kong, ]. Lou, P.M. Ajayan, B.L
Yakobson, ].C. Idrobo, Nano Left. 13 (2013) 2615-2622.

[131] Y. Zhang, YF. Zhang, QQ. Ji, ]. Ju, H.T. Yuan, J.P. Shi, T. Gao, D.L. Ma, M.X. Liu, Y.B.
Chen, XJ. Song, HY. Hwang, Y. Cui, Z.F. Liu, ACS Nano 7 (2013 ) 8963-8971.

[132] J.M. Carlsson, LM. Ghiringhelli, A. Fasolino, Phys. Rev. B 84 (2011) 165423.

[133] W.J. Zhu, T. Tamagawa, M. Gibson, T. Furukawa, IEEE Electron. Device Lett. 23
(2002) 649-651.

[134] T. Yamaguchi, H. Satake, N. Fukushima, A. Toriumi, IEDM Tech. Dig. (2000) 19-22.

[135] Y.L Huang, Y. Chen, W. Zhang, S.Y. Quek, C.H. Chen, LJ. Li, W.T. Hsu, W.H. Chang,
Y.J. Zheng, W. Chen, AT.S. Wee, Nat. Commun. 6 (2015) 6298.

[136] O.V.Yazyev, S.G. Louie, Nat. Mater. § (2010) 806-809.

[137] CX. Ma, H.E Sun, Y.L Zhao, B. Li, QX. Li, A.D. Zhao, XP. Wang, Y. Luo, JL. Yang, B.
Wang, J.G. Hou, Phys. Rev. Lett. 112 (2014) 226802.

[138] J. Cervenka, ML Katsnelson, CF. Flipse, ]. Nat. Phys. 5 (2009) 840-844.

[139] R Grantab, V.B. Shenoy, R.S. Ruoff, Science 30 (2010) 946-948.

[140] S.Bae, H.Kim, Y.B. Lee, X.F. Xu, ] S. Park, Y. Zheng, ]. Balakrishnan, T. Lei, HR. Kim, Y.
Song, Y.J. Kim, K.S. Kim, B. Ozyilmaz, JH. Ahn, BH. Hong, S. lijima, Nat
Nanotechnol. 5 (2010) 574-578.

[141] GY. Ly, TR Wu, Q.H. Yuan, H.S. Wang, H.M. Wang, F. Ding, X.M. Xie, M.H. Jiang,
Nat. Commun. 6 (2015) 6160.

[142] Y.E Ji, CB.Pan, M. Zhang, S.B. Long, XJ. Lian, F. Miao, F. Hui, Y.Y. Shi, L Larcher, E.
Wu, M. Lanza, Appl. Phys. Lett. 108 (2016) 012905.

[143] XS.Li, W.W. Cai, J. An, S.Y. Kim, ]. Nah, DX. Yang, R. Piner, A. Velamakanni, I. Jung,
E. Tutuc, SK. Banerjee, L. Colombo, RS. Ruoff, Science 324 (2009) 1312-1314.

[144] Graphene Supermarket, https://graphene-supermarket.com/home.php, consulted
on May 8th of 2016.

[145] L Song, LJ. G, H. Lu, P.B. Sorokin, CH. Jin, J. Ni, AG. Kvashnin, D.G. Kvashnin, ]. Loy,
B.L Yakobson, PM. Ajayan, Nano Lett. 10 (2010) 3209-3215.

[146] JY. Luo, HD. Jang, JX. Huang, ACS Nano 7 (2013) 1464-1471.

[147] Y. Nanishi, S. Ishida, T. Honda, H. Yamazaki, S. Miyazawa, ]. Appl. Phys. 21 (1982)
L335.

[148] N. Liu, Z H. Pan, L. Fu, CH. Zhang, BY. Dai, ZF. Liu, Nano Res. 4 (2011) 996-1004.

[149] M. Lanza, Y. Wang, A. Bayerl, T. Gao, M. Porti, M. Nafria, H. Liang, G. Jing, Z. Liu, Y.
Zhang, Y. Tong, H. Duan, ]. Appl. Phys. 113 (2013) 104301.

[150] S. Vinod, CS. Tiwary, P.AS. Autreto, J.T.S. Ozden, AC. Chipara, P. Vajtai, DS. Galva,
T.N. Narayanan, PM. Ajayan, Nat. Commun. 5 (2014) 4541.

[151] X.Y. Chen, D.H. Seo, S. Seo, H. Chung, H.S.P. Wong, IEEE Electron. Device Lett. 33
(2012) 1604-1606.

[152] M. Lanza, Y. Wang, T. Gao, A. Bayerl, M. Porti, M. Nafria, Y.B. Zhou, G.Y. Jing, Y.F.
Zhang, ZF. Liu, D.P. Yu, HL. Duan, Nano Res. 6 (2013) 485-495.

[153] CH. Ho, S.Y. Kim, K. Roy, Microelectron. Reliab. 55 (2015) 308-317.

[154] R. Degraeve, B. Kaczer, G. Groeseneken, Microelectron. Reliab. 39 (1999)
1445-1460.

[155] DJ. DiMaria, E. Cartier, D. Arnold, ]. Appl Phys. 73 (1993) 3367-3384.

[156] DJ. Dimaria, E. Cartier, ]. Appl. Phys. 78 (1995) 3883-3894.

[157] L Vandelli, A. Padovani, L. Larcher, G. Bersuker, IEEE Trans. Electron Devices 60
(2013) 1754-1762.

[158] E Miranda, J. Sune, R. Rodriguez, M. Nafria, X. Aymerich, Appl Phys. Lett. 73 (1998)
490-492.

[159] Y. Hattori, T. Taniguchi, K. Watanabe, K. Nagashio, ACS Nano 9 (2015) 916-921.

[160] T. Ando, Materials 5 (2012) 478-500.

[161] L. Aguilera, M. Porti, M. Nafria, X. Aymerich, IEEE Electron Device Lett. 27 (2006)
157-159.

[162] M. Lanza, M. Porti, M. Nafria, X. Aymerich, E. Whittaker, B. Hamilton,
Microelectron. Reliab. 50 (2010) 1312-1315.

[163] M. Lanza, M. Porti, M. Nafria, X. Aymerich, E. Wittaker, B. Hamilton, Rev. Sci.
Instrum. 81 (2010) 106110.

[164] W. Frammelsberger, G. Benstetter, ]. Kiely, R. Stamp, Appl. Surf. Sci. 253 (2007)
3615-3626.

[165] X Blasco, Universitat Autonoma de Barcelona(PhD Thesis) May 2005.

[166] M. Lanza, K. Zhang, M. Porti, M. Nafria, Z.Y. Shen, LF. Liu, JF. Kang, D. Gilmer, G.
Bersuker, Appl Phys. Lett. 100 (2012) 123508.

[167] Y.Shi, Y. Ji, F. Hui, M. Nafria, M. Porti, G. Bersuker, M. Lanza, Adv. Electron. Mater. 1
(2015) 1400058.

[168] Y.Y. Shi, Y.F. Ji, F. Hui, V. Iglesias, M. Porti, M. Nafria, E. Miranda, G. Bersuker, M.
Lanza, ECS Trans. 64 (2014) 19-28.

[169] X. Li, CH. Tung, KL Pey, V.L Lo, Appl Phys. Lett. 94 (2008) 132504.

[170] G. Bersuker, J. Yum, L. Vandelli, A. Padovani, L Larcher, V. Iglesias, M. Porti, M.
Nafria, K. McKenna, A. Shluger, P. Kirsch, R. Jammy, Solid State Electron. 65
(2011) 146-150.

[171] X Wu, KL Pey, N. Raghavan, W.H. Liu, X. Li, P. Bai, G. Zhang, M. Bosman, Nanotech-
nology 22 (2011) 455702.

[172] M. Lanza, Materials 7 (2014) 2155-2182.

[173] M. Lanza, G. Bersuker, M. Porti, E. Miranda, M. Nafria, X. Aymerich, Appl Phys. Lett.
101 (2012) 193502

[174] A Zobelli, CP. Ewels, A. Gloter, G. Seifert, Phys. Rev. B 75 (2007) 094104,

[175] N.Jain, T. Bansal, CA. Durcan, Y. Xu, B. Yu, Carbon 54 (2013) 396-402.

[176] KK Kim, A Hsu, X.T. Jia, S.M. Kim, Y.M. Shi, M. Dresselhaus, T. Palacios, ]. Kong, ACS
Nano 6 (2012) 8583-8580.

[177] P.Sutter, J. Lahiri, P. Zahl, B. Wang, E. Sutter, Nano Lett. 13 (2013) (R).

[178] EY. Wu, ]. Sune, Microelectron. Reliab. 45 (2005) 1809-1834.

[179] N. Raghavan, K.L. Pey, K. Shubhakar, M. Bosman, IEEE Electron Device Lett. 32
(2011) 78-80.

-37 -




- 38 -



Chapter 3:
Electrical homogeneity and reliability of h-BN

grown on different substrates

As mentioned, the main measurements defining the performance of an insulating
material when used as dielectric in electronic devices are: i) tunneling current, ii) charge
trapping and de-trapping, iii) trap-assisted tunneling, iv) SILC, v) dielectric strength, vi)
soft/hard BD, and vii) RS. Electrical homogeneity is defined as the variability of these
properties from one location of the h-BN to another. Therefore, the study of electrical
homogeneity requires the use of electrical characterization techniques with high lateral
resolution, like the CAFM. Reliability is defined as the ability of a dielectric to keep its
insulating properties when exposed to an electrical stress in a device. In this case the
reliability of the entire h-BN stack is defined by the weakest location, as the BD event is
a stochastic process. In this chapter these two properties are analyzed for h-BN stacks

grown on different metallic substrates.

3.1. Growth h-BN on Pt, Cu and Fe substrates by CVD

The h-BN stacks used in this PhD thesis have been grown via CVD approach in
two different laboratories. The first one is the laboratory of Prof. Xiaoming Xie at the
Shanghai Institute of Microsystem and Information Technology, and the substrate used
was always Ni-doped Cu. The second one is the laboratory of Prof. Jing Kong at the
Massachusetts Institute of Technology, and the substrates used were mainly Pt and Fe,

although some tests with Cu foils have been also performed. The only growth method
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we used in this thesis is CVD because it has been proved that is the scalable approach
that provides the best quality (i.e. the largest amount of layered area with the lowest
density of defects).

Cu was the substrate initially used by the 2D materials community to grow h-BN
stacks, due to its low cost and good catalytic activity. However, controlling the
thickness of h-BN stacks grown on Cu is not easy. Some works even claimed
(erroneously) the growth of multilayer h-BN on Cu while showing evident amorphous
structure (i.e. bad quality) in their own TEM images [65-66]. For this reason, here we
explore: i) the introduction of new treatments to growth h-BN on Cu substrates, and ii)
the use of different metallic substrates for the growth of h-BN.

First of all, we doped the Cu substrates with Ni. The cleaning process of Cu
substrates (25 pm thick) is different from that of Pt and Fe substrates (1 mm thick). Cu
substrates are first immersed in nitric acid (purity 19%) and sonicated for 30 s. Then
they are immersed in pure water and sonicated for 5 minute to clean the surface. Finally,
the Cu substrates are dried using N.. Pt and Fe substrates were cleaned using the
electro-polishing method. The Pt/Fe substrate and a counter electrode are immersed in a
solution containing 940 ml acetic acid and 60 ml perchloric acid connected to the
positive and negative terminals of an electrochemical workstation. The two electrodes
are polarized under a bias 30 V for 30 s, which removed the oxides on the surface of the
metallic substrates. This process is repeated three times, and finally the substrates are
cleaned in pure water (under sonication) for 5 minutes and dried using a N2 gun.

After cleaning, the substrates are placed in the center of the tube furnace, which is
connected to two gas lines: the first one (line 1) drives H2 inside the tube, and the
second one (line 2) drives the precursor. For the growth of graphene the precursor is

typically a gas (methane, Argon), but in the case of h-BN the precursor we used is liquid
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borazine. Other works used solid ammonia borane powder heated [67]. Therefore, in the
precursor line (line 2) a gas was necessary to drive the borazine molecules (seeds) inside
the tube. We also used H> because it has provided good results in previous literature
[68]. Both lines are controlled by a valve, and both of them are closed initially.

After introducing the substrates in the center of the tube furnace, the system was
closed and a pump working at a certain pressure (P) was used to remove the air
molecules inside the tube. Once the desired vacuum level is reached, a constant flow of
H> was immersed in the tube using line 1 (namely F1), and the temperature of the tube
furnace was ramped up from room temperature (RT) to the annealing temperature (Ta).
Ta was maintained constant during the annealing time (ta). Despite the flow of H> in the
tube furnace during the annealing step may not be strictly necessary, it has been
demonstrated that this helps to the formation of 2D materials [68]. After the annealing, a
constant flow of H> was introduced in the tube furnace using line 2 (F2), which carried
borazine molecules into the tube for reaction with the metallic substrate. The time that
the metallic substrate was exposed to the precursor is called growth time (tg), and
during tc the temperature of the furnace was set at a suitable value for h-BN growth
(Tg), which depends on the metallic substrate used. After that, the furnace was cooled to
RT. When using Pt substrate the cooling down time (tc) was quite fast, and when using
Fe substrates this time needed to be enlarged.

The value of these parameters strongly affects the quality of the h-BN stack, and
needed to be found experimentally. We are aware that world leading scientists in the
field of CVD-grown 2D materials suffered strong difficulties to tune these parameters,
especially when moving to a new lab. By empirical experience and collaborations with
other groups we have corroborated that the use of identical parameters in two different

labs may lead to different thicknesses and amount of defects. Most probably
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experimental factors like the brand of the equipment used and the purity and cleanness
of the tube lines and metallic foils may play a role. Table 3.1 summarizes the values of
the CVD parameters that we used to produce the best h-BN quality on Cu, Pt and Fe

substrates. In order to find them, | repeated the process > 20 times for each material.

Table 3.1. CVD growth parameters of h-BN on different substrates.

Annealing Growth Flow rate Growth Cooling
Substrate process temperature ratio of time down rate
(€/min) (€) borazine/H: (min) (€/min)
Cu 1000/30 1000 1/55 60 30
Pt 1000/30 1000 1/700 60 30
Fe 1100/30 1100 1/70 120 5

Mainly two different chemical mechanisms producing the growth of layered h-BN
at the surface of the metallic foils have been detected. The first one is surface-mediated
growth mechanism, which happens in the metallic substrates with high solubility of
boron but with/low nitrogen solubility under high temperature, such as Pt and Cu
substrates [69]. The h-BN layers form on the surface of the catalytic substrates by
decomposition of precursor and boron and nitrogen atoms deposited on the catalytic
substrate. The second one is precipitation reaction, in which the metallic substrates have
low solubility of boron and nitrogen; then both atoms will segregate from the substrate
and form the h-BN layers during the cooling down process [69]. This mechanism is
related to the use of Fe substrates. However, in some cases, mixed mechanisms with
both surface-mediated and precipitation may contribute to the formation of thick h-BN

stacks [70].
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Generally speaking, the use of larger F», tc and tc result in thicker h-BN stacks. F»
tunes the number of seeds on the metallic substrate, which will also control the domain
size. Ref. [71] achieved centimeter scale single crystal graphene using a single seed
deposited suing an external pipette but, to the best of our knowledge, this strategy has
never been tried using h-BN. Ta and T are normally the same, and if Tg is too low the
borazine seeds cannot decompose properly to achieve the conformal growth of h-BN
layers. Therefore, Te has a deep influence on the amount of defects within the h-BN
stack. T is selected mainly depending on the melting temperature of the substrate used,
i.e. the substrate needs to be heated at a relative high temperature (lower that its melting
point) in order to facilitate atomic rearrangements. It is also worth noting that under
high temperature, the H> gas could dissolve into the substrate, which facilitates the h-
BN growth. The pressure used during the entire process was set at a constant value
between 35 and 70 mtorr. This modest vacuum level is already enough to extract the air
inside the tube and provide a reasonable clean atmosphere for the CVD process. Some
groups used a CVD system working in ultra high vacuum (UHV) [72], but the
complexity of the process increased dramatically, and the quality improvement is not
remarkable. Independently of the material used, the growth of h-BN has been always
carried out on metallic foils. Moreover, it has been reported that monolayer h-BN stacks
can also be synthesized on wafers coated with 500 nm Fe metal films [73]. However,

this has been only reported by one group, which didn't repeat the experiments.

3.2. Characterization of the samples and devices

The characterization of the samples has been mostly carried out at the laboratory
of Prof. Mario Lanza at Soochow University, although few data have been also

collected at the laboratory of Prof. Jing Kong at Massachusetts Institute of Technology.
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As-grown h-BN stacks have been usually transferred on a 300 nm SiO2/Si wafer
for morphological characterization. The optical microscopy and SEM images have been
used to analyze the continuity of the h-BN sheet, as well as the density and shape of
cracks, wrinkles and multilayer islands. Several different positions of the samples were
analyzed with Raman spectroscopy to evaluate the thickness and quality of the h-BN
stack. Topographic AFM maps have been also collected to quantify the roughness of the
h-BN surface, the thickness of the h-BN stacks, and the accurate width and height of the
wrinkles. All these analyses can provide valuable information about the h-BN stacks,
but it should be highlighted that the only technique that can 100% ensure the layered
structure of the h-BN stacks (and other 2D materials) is cross sectional transmission
electron microscopy (TEM). Therefore, cross sectional TEM images must be provided
in all experimental works claiming the growth and/or characterization of any 2D layered
material. Unfortunately, not all authors follow this good recommendation, and some
others show cross sectional TEM images with no signal of layered structure [64-65]. In
this work we always used cross sectional TEM images to confirm the thickness, layered
structure and amount of defects in our samples. To do so, we followed two different
procedures depending on lab availability: i) thin lamellas have been cut using focused
ion beam (FIB), and placed later on the target TEM grids using vacuum tweezers.
During the FIB, a protective Ti/Au/Cr stack was deposited on the surface of the h-BN
stack in order to protect it from high impact energies, which may produce defects. And
ii) the h-BN can be directly transferred on a TEM grid and the TEM user needs to find a
fold, so that the cross section can be monitored from the top view. Despite this second
approach brings associated more randomness, the number of folds on the TEM grid is
usually large, and it allows rapid localization. On the other hand, direct transfer on TEM

grids is cheaper than FIB.
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The most innovative characterization method presented in this PhD thesis is the
use of CAFM. CAFM consists on placing a very sharp and conductive probe tip on the
surface of the h-BN, which needs to be placed on a conductive substrate (e.g. the h-BN
can be studied directly on the substrate where it was grown, or transferred onto a
different conductive substrate). When a voltage is applied between the tip and the
sample holder an electrical field will be generated, leading to a vertical current flow
across the h-BN stack. CAFM is a versatile tool that can collect the topographic and
current maps simultaneously; based on this, we can make a spatial connection between
the conductive or insulating properties and the morphological features. Moreover, the
CAFM can apply electrical stresses to study the entire BD process of the h-BN sheets.
Furthermore, for the first time we analyze the BD spot using adhesion and deformation
maps, which can give information about the sign of the traps inside the dielectric, as
well as their mobility.

Finally, we also carry out the device level electrical characterization using
probestation. To do so, we fabricated real devices by depositing top electrodes on the h-
BN stacks (as grown on the metallic substrates) using a laser-patterned shadow mask
and an electron beam evaporator. The use of a mask patterned by laser is essential to
avoid large variability on the electrode size. Using this process, we fabricated Au/Ti/h-

BN/Pt and Au/Ag/h-BN/Fe devices.

3.3. Results and discussion

By using the parameters described in Table 3.1, in Articles 2, 3 and 4 we

successfully grew premium quality monolayer and/or multilayer h-BN on Pt, Cu, and Fe

(respectively). Optical images indicate that the h-BN is continuous and that it has a low
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density of cracks. Raman spectra show the characteristic h-BN peak between 1366 cm™
and 1370 cm?, and we are able to distinguish between monolayer, bilayer and
multilayer h-BN depending on the position of the Raman peak. The number of h-BN
layers can be identified TEM images, which also prove that our h-BN contains low
amount of defects.

Article 2 shows that the thickness of multilayer h-BN grown on polycrystalline
Pt substrates depends on the crystallographic orientation of the surface of the Pt
substrate, which is different for each Pt grain. CAFM studies reveal remarkable
different tunneling currents across the h-BN stack from one Pt grain to another, due to
the different thicknesses. However, when measuring within the same Pt grain (which
diameters are typically 60-200 pm) the tunneling current fluctuations are very low,
much lower than that across amorphous HfO. and TiO.. These observations are
corroborated at the device level, i.e. Au/Ti/h-BN/Pt devices within the same grain show
very similar pre-BD currents and dielectric strength. Therefore, h-BN grown on single
crystalline metallic substrates may enable the fabrication of low variability electronic
devices. In Article 3 we show that the tunneling currents across h-BN stacks grown on
Ni-doped Cu substrates do not remarkably change from one Cu grain to another, and
compare this observation with the data obtained on Pt.

Article 4 compares the BD process in monolayer and multilayer h-BN stacks
grown on polycrystalline Cu substrates. We observe that multilayer h-BN shows a BD
event that is followed by the formation of large hillocks, which is a behavior that also
happens in ultra-thin SiO,, HfO, and Al,Os. However, monolayer h-BN does not show
such hillocks (i.e. it can keep the structural properties unaltered) even after more severe
BD. This behavior is attributed to the high thermal conductivity of monolayer h-BN,

which should be able to spread the local heat through the adjacent metals, avoiding
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surface modification. In this work we introduce two very novel analyses: i) by
collecting adhesion maps at the BD location, we find out that the BD spot contains
negative charges, which are surrounded by an area rich in positive charges. And by
collecting deformation maps, we find out that the negative charges are fixed at the
center and mobile at the surroundings, while the positive charges are just fixed. And ii)
we use ionic liquid electrical stress combined with CAFM and cross sectional TEM to
characterize structure of the h-BN stack without the need of removing a solid top
electrode. Our experiments reveal the presence of mainly two types of defects
promoting high currents in the h-BN stack: lattice distortions (e.g. B vacancies) and
metal particles/clusters penetration from the substrate.

In Article 5 h-BN stacks have been successfully grown on Fe foils, and
Au/Ag/h-BN/Fe structures have been used to fabricate memristive devices. Memristors
are elements that can change their electrical resistivity depending on the history of
electrical impulses previously applied. The concept of memristor was firstly suggested
in 1971 [74], and developed in 2008 [75]. Most of the memristors studied in the
literature use a metal/insulator/metal (MIM) structure, which is in most cases vertically
aligned to reduce space. These memristive MIM cells can switch their resistivity
cyclically between (at least) two stable resistive states, namely high resistive state (HRS)
and low resistive state (LRS). The performance of a memristor is defined by different
performances: i) switching speed, ii) switching energy, iii) endurance (i.e. number of
cycles that a memristor can switch before one of the states becomes permanent), iv)
retention (i.e. minimum time that the memristor stays in the desired state without
spontaneous state change), v) device size, vi) device integration. Despite the best
memristive performances have been achieved using transition metal oxides (TMQOs) as

insulator in the MIM cell, the integration of 2D mateirals in this structure has started to
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show interesting properties, and novel performances that even the most advanced
metal/TMO/metal devices cannot achieve have been detected.

In Article 5 we fabricate Au/Ag/h-BN/Fe memristors, and they have been
analyzed by applying electrical stresses with opposed polarities. We observe that the
BD induced by applying positive bias to the top Ag electrode is weak and recovers
when the electrical field vanishes, leading to volatile BD that can be used to emulate
threshold RS devices. On the contrary, if the BD is induced by applying negative bias to
the top Ag electrode the BD event is non-volatile, meaning that the insulating properties
of the h-BN stack can be only recovered by applying an additional stress of opposed
polarity. This behavior can be used to emulate bipolar RS devices. The different RS
behaviors may be related to the different compositions at the BD spot, which is formed
by Ag/Fe ions when positive/negative bias is applied to the top Ag electrode. Our study
concludes that h-BN may be suitable for the fabrication of memristors, especially those
dedicated to emulate electronic synapses that require both volatile and non-volatile

switching.
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ABSTRACT: Large-area hexagonal boron nitride (h-BN) can be grown on polycrystal- a
line metallic substrates via chemical vapor deposition (CVD), but the impact of local
inhomogeneities on the electrical properties of the h-BN and their effect in electronic
devices is unknown. Conductive atomic force microscopy (CAFM) and probe station
characterization show that the tunneling current across the h-BN stack fluctuates up to 3
orders of magnitude from one substrate (Pt) grain to another. Interestingly, the variability
in the tunneling current across the s-BN within the same substrate grain is very low, which
may enable the use of CVD-grown /#-BN in ultra scaled technologies.
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exagonal boron nitride (7-BN) is a layered insulator

(direct band gap ~5.9 eV)," in which boron and nitrogen
atoms arrange in a sp” hexagonal structure by covalent bonding,
whereas the layers stick to each other by van der Waals
attraction. Given its high in-plane mechanical strength (500 N/
m),” large thermal conductivity (600 Wm™'K™"),” and high
chemical stability (up to 1500 °C in air),* h-BN has attracted
much attention for a wide range of potential applications. For
example, thanks to their ultraflat surface free of dangling bonds,
h-BN substrates can increase the mobility of graphene-based
FETs up to ~140 000 em?v! g713 (on SiO, substrates it is
lower, 15000 cm®> V=! s7'). But its use as dielectric in different
types of devices (e.g, field effect transistors memristors) is
much more promising, as #-BN has shown enhanced reliability
(compared to HfO,),° characteristic layer-by-layer dielectric
breakdown process,” and resistive switching.*”

Chemical vapor deposition (CVD) in ultra high vacuum
(UHV),"""" atmospheric pressure (APCVD) and low pressure
(LPCVD)"*™"% is an attractive approach to synthesize large-
area h-BN stacks with low density of defects on metallic foils
(e.g, Cu, Fe, Pt). Because of the high temperatures required for
the CVD growth of h-BN (>800 °C), the metallic substrates

v ACS PUblications © 2017 American Chemical Society

become polycrystalline. ref.'* reported that the thickness of the
h-BN stack grown by CVD on polycrystalline Ni depends on
the size of the Ni crystal underneath, and it was also suggested
that 1-BN grows faster on the surface of Ni (100) than Ni
(111), because of the different catalytic reaction activities.'®
Similar observations have been recently reported for h-BN
stacks grown via CVD on polycrystalline Pt substrates.'”
However, the impact of these thickness fluctuations on the local
electrical properties of the h-BN stacks and their effect on the
performance of electronic devices is still unknown. This
information is essential to understand and control the device-
to-device variability, which has been reported as one of the
major problems of ultrascaled technologies."®

In this work, the electrical homogeneity of continuous, large-
area and high-quality 7-BN stacks (grown by LPCVD on Pt
substrates) is investigated via conductive atomic force
microscopy (CAFM) and probe station. We find that thicker
h-BN preferably grows on Pt grains with (101) crystallographic
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Figure 1. Hexagonal boron nitride growth and transfer. (a) Schematic of LPCVD process to grow h-BN on Pt foils. (b) Electrochemical (bubble)
method to transfer h-BN from Pt foil to the target substrates.
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Figure 2. Characterization of h-BN films. (a) Optical microscope and (b) EBSD images of a polycrystalline Pt substrate before h-BN growth
(annealed). The two images correspond to the same location of the sample, as highlighted by the marker in the right-bottom part. (c) Optical
microscope image of a h-BN/300 nm-SiO,/Si sample. The h-BN was grown on the area displayed in (a) and subsequently transferred onto a SiO,/Si
substrate. The granular pattern with different dark-green and light-green colors (thicknesses) observed in c perfectly matches the shape of the grains
in (a). Therefore, it is possible to know which crystallographic orientation produces dark-green (thinner) and light-green (thicker) h-BN stacks. (d)
Raman spectra collected on different locations of the h-BN/300 nm-SiO,/Si sample. Monolayer/multilayer have been collected at dark-green/light-
green locations of panel (c). (e) High-resolution TEM images demonstrating the different thicknesses and the good layered structure of the h-BN
stacks. (f) EELS spectrum of h-BN showing the typical boron and nitrogen peaks.

orientation. The excellent topographic-current correlation
observed in CAFM maps indicates that the tunneling current
across the 1-BN is homogeneous within each Pt grain, but very
different from grain to grain. Device level tests revealed that the
variability of the devices fabricated within the same Pt grain is
very small, and that the properties of devices grown on different
Pt grains are strongly different to each other. The results here
presented provide new insights on the electrical homogeneity
of large-area h-BN stacks, and contribute to understanding the
variability of #-BN-based electronic devices.

Figure la shows the schematic of the LPCVD process for h-
BN growth. A 1 cm X 2.5 cm Pt substrate was cleaned via
thermal annealing (see the Supporting Information) and
introduced in the center of the CVD tube (see Figure la).
We use Pt as substrate because, despite being more expensive
than Cu, Nj, or Fe, the quality of the h-BN grown on Pt is
higher (iie,, it holds a better layer structure with less randomly
oriented crystallities).'” Liquid-phase borazine precursor was
kept in a commercial cold container at 3 °C to avoid it is self-

decomposition, and a cold trap filled with liquid nitrogen was
used to prevent the damage of the pump. The borazine
molecules (0.1 sccm) were delivered to the Pt substrate on H,
carrier gas (70 scem) at 950 °C, which produced their
absorption and decomposition on the surface of the Pt
substrate, and the self-mediated growth of h-BN. After the
LPCVD growth, the h-BN stack was transferred onto 300 nm-
SiO,/Si for Raman spectroscopy and optical microscopy
inspection, and on metallic grids for transmission electron
microscopy (TEM) characterization. The transfer of the #-BN
was carried out following the bubbling approach based on water
electrolysis (see Figure 1b and Supporting Information)."” This
method is beneficial because it allows recycling the Pt foil for
unlimited times (i.e., it is cost-effective).

Figure 2a and 2b show the optical image and electron
backscatter diffraction (EBSD) map of a Pt substrate after the
thermal annealing (before #-BN growth). Different Pt grains
and crystallographic orientations can be distinguished. A long
marker at the bottom right part of the image was made with a
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razor blade to identify this location in subsequent analyses.
After that, multilayer #-BN was grown directly on the surface of
the Pt substrate and transferred onto flat 300 nm-SiO,/Si. The
optical image of the 1-BN/300 nm-SiO,/Si (Figure 2c) reveals
regions with different colors (dark-green to light-green)
perfectly matching the shapes of the Pt grains before h-BN
growth (Figures 2a and 2b). Figure 2c also proves that the h-
BN stack is continuous, as well as the nondestructive nature of
the bubbling transfer method. Interestingly, the h-BN stacks
grown on Pt grains with crystallographic orientations near
(101) show light-green colors in the optical microscope image
(see Figure 2c), which has been attributed to a larger
thickness.'>'” This hypothesis has been verified by collecting
Raman spectra at different locations on the surface of the h-
BN/300 nm-SiO,/Si sample (see Figure 2d). The dark-green
grains in the optical microscope image (Figure 2c) always
showed an E,, peak near 1370 cm™, which corresponds to
monolayer 1-BNj; on the contrary at the light-green grains the
E,, peak shifted toward ~1366 cm™, which is the characteristic
value of bulk #-BN. High-magnification TEM images (Figure
2e) present the definitive corroboration of grain-dependent
thickness in the #-BN stack. The thicknesses observed via TEM
at multiple locations of the sample (Figure 2e) always ranged
between 1 and 2 and 10—13 layers, meaning that the dark and
light regions in Figure 2c should correspond to thicknesses of
1-2 and 10—13 layers, respectively. It is worth noting that, for
all thicknesses, the TEM images reveal defect-free layered
structure. The electron energy loss spectroscopy (EELS)
spectrum (Figure 2f) shows two edges at around 180 and
390 eV, which correspond to the characteristic k-shell
ionization edges of boron and nitrogen. This verifies that the
stoichiometric ratio of boron and nitrogen is 1:1, which is
characteristic of layered /-BN with hexagonal lattice.”

The electrical performance of as-grown h-BN/Pt (without
transfer) has been tested via CAFM. Figures 3a, b show the
simultaneously collected topographic and current maps
(respectively) measured on the surface of the h-BN stack
when applying a bias of —2 V to the Pt substrate (CAFM tip
grounded). In order to analyze the electrical properties of 1-BN
grown on different Pt grains, we used a large (80 #m X 80 ym)
scan size and strategically selected an area of the sample
containing several Pt grains. The different Pt grains detected
have been named with letters from A to G. Despite the h-BN
cannot be detected in the topographic map (it is very flat
compared to the Pt surface, see Figure S1), its effect can be
clearly seen in the current map (Figure 3b), which reveals sharp
conductivity changes from grain to grain. The different currents
collected on each Pt grain must be related to the presence of h-
BN stacks with different thicknesses because the underlying Pt
grains, despite having different crystal orientations, hold similar
conductivities.”® Tt should be highlighted that the h-BN
adhesion to the Pt surface is always by van der Waals forces
for any Pt crystalline orientation, which means that the
electronic coupling between the 7-BN and Pt from one grain to
another does not change. Therefore, h-BN/Pt electronic
coupling is not one factor producing the conductivity changes
from one grain to another observed in Figure 3b. The fact that
the conductivity changes have been detected in the same image
discards tip wearing from one grain to the other, and the
perfect topography-current correlation undoubtedly demon-
strate that h-BN grown on different grains hold different
conductivities (because of their different thicknesses, as shown
in Figure 2). It should be highlighted that, sporadically, the
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Figure 3. CAFM Characterization of as-grown h-BN/Pt. (a)
Topographic and (b) current maps simultaneously collected on h-
BN grown on a polycrystalline Pt substrate, under a bias of =2 V
(applied to the substrate, tip grounded). (c) Assembly of cross-
sections collected at the different grains of the current map in b.

regions close to the Pt grain boundaries have shown higher
currents (see for example the grain boundaries between grains
D-G and F-G). The explanation for this observation is as
follows: when the metallic substrate is exposed to large
temperatures it becomes polycrystalline; the grain boundaries
of the metal substrate are rough and may contain asperities;
these topographic accidents alter the h-BN growth, and at that
location the #-BN may be thinner or even cracked, displaying
large currents in the current maps. Cross sections have been
collected (offline) at all the grains of the current image (Figure
3b) using the AFM software (NanoScope Analysis) and
assembled one after the other (using OriginPro 8 software).
The result is displayed in Figure 3c. Within each grain the
current is homogeneous, and sharp changes are detected from
grain to grain. As can be observed, the highest currents are
detected on grain B, indicating that it holds the thinnest #-BN
stack on its surface. Grain C shows negligible currents similar to
the electrical noise of the CAFM, indicating that the —2 V
applied were not enough to generate tunneling current across
the h-BN stack. It should be emphasized that the current
deviations within each grain are below 1 order of magnitude for
all grains (compare maximum and minimum peaks within each
grain in Figure 3c). This value is smaller than that observed in
other thin insulating films (of similar thickness) being currently
used in the industry, such as HfO, and TiO, (see Figure S3).
Therefore, the electrical properties of h-BN within the same
grain seem to be very homogeneous, which shows great
potential to mitigate device-to-device variability problems of
ultra scaled devices. Further electrical information about the
grains has been obtained by measuring the onset voltage (Vi)
of the h-BN stacks on each Pt grain. The onset voltage is
defined as the minimum voltage that needs to be applied
between the CAFM tip and the substrate of the sample (Pt) in
order to observe tunneling currents above the noise level.”!
Despite the noise level of our CAFM being ~1 pA, we selected
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Figure 4. Device level characterization of h-BN stacks. (a) Schematic of as-grown h-BN/Pt (top) and h-BN-based devices (bottom). The device cell
is an Au/Ti/h-BN/Pt structure. (b) Optical image and (c) EBSD map of matrixes of Au/Ti/h-BN/Pt cells with different lateral sizes. As this map has
been collected with the presence of h-BN, it is only meaningful to distinguish different grains, not to assess the real crystallographic orientation of
each grain. For this reason, the color scale has been intentionally removed. (d) -V curves collected on two devices with the same size (25 ym X 25
pm) within the same Pt grain. (e) I-V curves collected on two devices with the same size (S0 gm X 50 gm) located at different Pt grains. (f)
Analysis of the BD voltage for Au/Ti/h-BN/Pt devices patterned on 4 different Pt grains (located outside the region of c).

Von = V (I =5 pA) in order to be completely sure that non-
negligible current is flowing across the h-BN stack. For this
experiment, Vy has been extracted by measuring individual
current maps on each grain (1 gm X 1 pm). The results
obtained (Table S1), strongly support the observations in
Figure 3: the smallest Vi (0.1 V) was detected on grain B, and
the highest (6 V) on grain C. By fitting current vs voltage (1—
V) curves collected on the /-BN at different Pt grains to the
tunneling model equations it can be concluded that the real
thickness of the h-BN stack fluctuates between 1 and 13 layers
(see modeling section in the Supporting Information), in
agreement with Figure 2e.

Finally, the electrical properties of h-BN stacks grown on
polycrystalline Pt substrates have been analyzed at the device
level using matrixes of metal/insulator/metal (MIM) cells (i.c.,
Au/Ti/h-BN/Pt). Figure 4a shows the schematic of as-grown
h-BN on polycrystalline Pt foil before and after electrodes
deposition, in which A#-BN film serves as insulating layer
between the top (Au/Ti) and bottom (Pt) metal electrodes.
The optical microscope image of the sample after Au/Ti
electrode deposition is shown in Figure 4b. The corresponding
EBSD map of the same area of the sample has been also
collected (Figure 4c). It should be highlighted that, unlike in
Figure 2b, in Figure 4c the EBSD map has been collected in the
presence of h-BN on the Pt substrate. As the h-BN is an
insulator, this may distort the signal related to the local
crystallographic orientation. For this reason, the EBSD map in
Figure 4d will be only used to distinguish different grains (in
that case the contrast is large) but not to identify which is the
real crystallographic orientation of the Pt within each grain. For
this reason, the color scale in Figure 4c has been intentionally
removed. Several devices on the same and different Pt grains
have been tested in the probe station by applying ramped
voltage stresses (RVS), and the resulting current vs voltage (I—
V) curves have been compared. As an example, Figure 4d shows
the I-V curves collected on two devices with the same size (25
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pum X 25 pm) that belong to the same Pt grain (devices 1 and 2
in Figure 4c). As it can be observed, the I-V characteristics for
devices 1 and 2 are strikingly similar: i) the BD voltages (V)
show very small deviation (0.55 V and 0.61 V); (ii) the pre- and
post-BD currents (Ipgepp and Ipogrpp, respectively) almost
overlap, and (iii) the Ipogrgp/Ipresp ratio is identical. These
results are indeed indicating that the device-to-device variability
within the same Pt grain is very small. Any potential variability
of the prebreakdown I—V curves in devices within the same Pt
grain should be related to nanoscale inhomogeneities within the
h-BN stack, such as thickness fluctuations (see Figure S2), local
defects, h-BN domain boundaries, and/or wrinkles. Never-
theless, as displayed in Figures 4d and 3c and Figure S3 the
variability of the electrical properties of the h-BN within the
same Pt grain are very small. On the contrary, the devices with
the same size but patterned on different Pt grains show very
inhomogeneous I-V characteristics. As an example, Figure 4e
shows the I-V curves collected on devices 3 and 4 (see Figure
4c). First, the pre-BD currents are very different; second, Vyp
for both devices are remarkably different: 2.09 V for device 3
and 0.89 V for device 4; and third, the Ipogrpp/Ipge.pp ratio is
also slightly different. The different electrical properties of
devices 3 and 4 are related to the different thicknesses of the h-
BN stack, due to the different crystallographic orientation of the
underlying Pt grain. These observations have been corrobo-
rated by measuring additional MIM devices at different Pt
grains. As Figure 4f shows, the deviation of Vy;, within each
grain is very small (from +0.013 V for grain C to +0.054 V for
grain B), but the deviations of V|, from one Pt grain to another
are large (from 0.58 V in grain A to 2.13 V in grain D). The
breakdown event observed for all devices (displayed as a sharp
current increase in Figure 4d, e) further demonstrates that the
h-BN sheet grown on the Pt substrate is continuous, otherwise
a larger current under smaller voltage (i.e., 1 X 107> A @ 0.1 V)
typical of shorted devices should be observed.

DOI: 10.1021/acsami.7b09417
ACS Appl. Mater. Interfaces 2017, 9, 39895—-39900

-52 -




Article 2

ACS Applied Materials & Interfaces

Fortunately, cutting-edge electronic devices based on MIM
cells cover ultra scaled areas. In the case of FETSs, the current
technology node is 7 nm, and the total length of current FETs
never exceeds S0 nm. In the case of memristors and other
nonvolatile memories, such as resistive random access
memories {RRAM), phase change random access memories
(PCRAM) and ferroelectric random access memories
(FeRAM), device areas down to 10 nm X 10 nm are
preferred.ZZ Therefore, as the diameter of the Pt grains easily
surpass 100 pm, the fabrication of h-BN based electronic
devices with very low variability is feasible. More efforts toward
the growth of large-area single-crystalline h-BN stacks should
conduct to ultralow variability technologies.

In conclusion, the electrical homogeneity of h-BN stacks
grown via CVD on Pt substrates has been analyzed by CAFM
and a probe station. We observe that h-BN grows thicker on Pt
grains with crystallographic orientations close to {101). In situ
CAFM characterization reveals that the tunneling current
across the h-BN grown on the same Pt grain is very
homogeneous {i.e., more homogeneous than that observed in
other insulators being currently used in the industry, such as
HfO, and TiO,), but sharp conductivity changes are detected
from grain to grain. Device level tests in the probestation reveal
that the variability of Au/Ti/h-BN/Pt devices within each grain
is strikingly low in terms of Ipgppp, Tposrep, and Vyp. These
results contribute to the understanding of the electrical
properties of h-BN and variability of h-BN-based electronic
devices.
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Experimental Section

Growth of h-BN Pt substrates: High purity (99.997%) 100 um thick Pt foil purchased
from Alfa Aesar (item no. 12059) was employed as substrate for the #-BN growth. First, the
as-received Pt foil was cleaned in acetone and isopropanol (IPA) for 10 minutes to remove the
surface contamination, and dried with a nitrogen gun. Then, the Pt foil was introduced in the
center of the quartz tube, and the temperature ramped up to 950 °C in 70 sccm H, atmosphere.
The time required to increase the temperature from ~20 °C to 950 °C was ~ 40 minutes, and
following by the annealing process under the temperature of 950 °C in 70 sccm H, for 30
minutes, in order to remove the contamination contains carbon or oxygen. This pre-growth
heating step is called annealing, and it is useful to clean impurities on the Pt surface. Then, the
valve of the tube coming from the Borazine container (which used a H, flow rate of 0.1 sccm)
was opened, allowing the introduction of borazine molecules in the quarz tube containing the
Pt substrate. This process was kept for 1 hour at 950 °C. After that time, the temperature
controller was set at room temperature and the CVD system was cooled down.

Transfer process for the h-BN: After sample fabrication, the A-BN stacks were
transferred on Si0,/Si wafers and TEM grids for analysis. To do so, liquid poly(methyl
methacrylate) (PMMA) from MicroChem was spin-coated on both sides of the #-BN/Pt/4-BN
sample at 2500 rpm for 1 min. The sample was backed in the oven at 70 °C for 10 min to
solidify the PMMA, and the resulting sample (PMMA/A-BN/Pt/A-BN/PMMA) was immersed
in a container filled with 1 M NaOH. In the same container, a Pt mesh was also introduced,
and a potential difference of 3 V between it and the PMMA/A-BN/Pt/A-BN/PMMA sample
was applied using a source meter. The Pt mesh served as anode, and the
PMMA/A-BN/Pt/A-BN/PMMA sample as cathode. The application of voltage lead to the
formation of hydrogen bubbles at the #-BN/Pt interface, leading to the effective PMMA/A-BN
detachment from the Pt foil [1] in less than 10 minutes. Afterwards, the PMMA/A-BN stack
was cleaned in deionized water three times to remove the residual NaOH solution. Finally,
PMMA/A-BN was transferred on the target substrates (SiO»/Si or TEM grids). When
transferred on the SiO,/Si substrate the PMMA was removed by soaking the entire sample in
acetone for 2 hours, followed by an annealing at 400 °C for 2 h in a mixed H; (200 sccm) and
Ar (200 scem) atmosphere. When transferred on the TEM grids, only the annealing step was
used (no sample soaking, that could damage the #-BN suspended on the TEM grid).

h-BN and Pt characterization: The different Pt grains and their crystallographic
orientations were analyzed using a standard optical microscope, and an EBSD system (from
Oxford Technology) integrated in a scanning electron microscope (Zeiss Merlin HRSEM).
The topographic maps in Figures S1-S2 were collected using a Dimension 3000 AFM
working in air atmosphere. These experiments were performed in tapping mode using Si
probe tips from Budgetsensors (model: Tap300-G). The CAFM experiments were carried out
in a Multimode VI equipment from Veeco working inside a nitrogen chamber (relative
humidity ~ 0.5%) [2]. The use of a nitrogen atmosphere is beneficial to stabilize the current
signal and achieve larger lateral resolution [3]. For this experiment we used Ptlr varnished Si
probes from Nanosensors (model: CONTPT). The cross section in the current CAFM maps
have been calculated using the NanoScope Analysis software of the AFM (Bruker) and
assempbled using OriginPro 8 software. Atomic scale information about the thickness and
quality of the #-BN stacks was collected using a JEOL 2010 HRTEM with EELS capability
integrated, and a LabRAM Raman spectrometer from Horiba.

Device fabrication and characterization: Squared metallic top electrodes with lateral
sizes ranging from 10 pm % 10 pm to 100 pm x 100 um have been deposited on as-grown
h-BN/Pt samples. First 20 nm Ti and second 60 nm Au have been deposited via E-beam
evaporator (Ajaint AJA-ATC) using a laser-patterned shadow mask. The electrical
measurements were carried out in a Summit 11000 AP probe station connected to an Agilent

- 56 -




Article 2

4155C semiconductor parameter analyzer. The RVS was applied to the top electrodes and the
Pt substrates were grounded. MIM cells are used in several devices, including FETs [4]
capacitors [5], and memristors [6], as well as in test structures to evaluate essential parameters
of the insulator, such as charge trapping, stress induced leakage current, dielectric breakdown
(BD) and resistive switching (RS) [7]. Therefore, despite holding an easy structure, the MIM
cells fabricated are representative of #-BN based microelectronic devices.

Additional Characterization

The surface roughness of the #-BN grown on Pt grains with different orientations has
been analyzed via atomic force microscopy (AFM). Figure S1 shows the topographic AFM
maps measured on the surface of the 300-nm-SiO,/Si sample shown in Figure 2¢; the root
mean square (RMS) roughness of each image (calculated via AFM software) is also displayed.
As it can be observed, the flattest surface is detected for the #-BN that was grown on Pt (111),
and the roughest corresponds to the 4-BN that was grown on Pt (101). As the surface
roughness of 2D materials increase with their thickness [8], Figure S1 further supports that the
thinnest 4-BN stack grows on Pt (111), and that the thickest grows on Pt (101). Moreover,
multilayer islands have been detected on the surface of the #-BN grown on Pt (001) and Pt
(101), as shown in Figure S2, further suggesting the growth of thicker A-BN stacks.
Alternative methods to evaluate the thickness of the 4-BN stack are low energy electron
microscopy (LEEM) and low energy electron diffraction (LEED) [9].

RMS = 0.295

Figure S1. AFM characterization of the #-BN/300-nm-Si0,/Si sample displayed in Figure 2c.
Panels (a)-(c) in Figure S1 show that the roughness and density of wrinkles in the #-BN
depend on the crystallographic orientation of the Pt substrate on which it was grown.

-5 nm

Figure S2. AFM characterization of a 4A-BN/300-nm-Si0O,/Si sample, on a region on which
the #-BN was previously grown on Pt(101). This image shows multilayer #-BN islands.
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Figure S3. Current maps collected with the tip of the CAFM on the surface of (a) 4 nm thick
HfO, and (b) 2 nm thick TiO, films, both of them grown via atomic layer deposition on a
conductive substrate (Zr below the HfO, and n""Si below the TiO,). The current fluctuations
are 2-3 orders of magnitude. (¢) and (d) show the cross sections of the maps in (a) and (b)

respectively.

Table S1 Electrical measurements are conducted on each grain with the constant voltage and
constant 5 pA, respectively.

Grain Current Voltage
(for a voltage of -1 V) (for a current of S pA)
A 5nA 05V
B 5nA 0.1V
C <1pA 6V
D <1pA 2V
E <1pA 1V
F <1pA 5V
G <1pA 5V
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Modeling section

In Figure 3c it is difficult to quantify the real thickness of the #-BN on each Pt grain,
and correlate it with the current levels observed. The reason is that best techniques used for
physical thickness characterization of 2D materials (i.e. TEM) are destructive. In order to
provide more insights to this point here we perform an additional analysis, consisting on
measuring [-V curves at different locations of each grain via CAFM. Based on the shape of
the I-V curves showing the tunneling current across the insulating stack, its physical thickness
can be calculated very accurately (this was done before for ultra thin SiO, films with
sub-nanometer resolution [10]. In previous works [11] it was determined that the dominant
conduction across multilayer 4#-BN stacks was by Forler-Nordheim Tunneling (FNT).
Therefore, here we use the FNT equation to calculate the tunneling current for different #-BN

thicknesses:

T e Aegs /ML q2V

hzd

exp ['4@‘1] )

where Vis the applied voltage, d is the thickness of the #-BN, A, is the effective contact area,
¢p is the barrier height. The parameters m, g and /4 are the free electron mass, the electron
charge and the Planck constant, respectively. This calculation has been repeated for different
values of d depending on the number of layers (N), that is d = 0.33 nm for N=1, d = 0.66 nm
for N=2, etc... having increments of 0.33 nm for each layer until N=24. By comparing the
calculations with the I-V curves experimentally collected (see Figure S4), it can be concluded
that the tunneling currents across grain B fits well the conduction of monolayer #-BN, while
the tunneling currents across grain D fit well the conduction across 11-13 layers (see Figure
S4). This result is interesting because provides an indirect quantification of the thickness at
each grain, something that the CAFM maps (Figure 3b) cannot provide.
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Figure S4. Calculation of FNT conduction for different thicknesses (N is the number of
layers). Typical experimental IV curves measured on grain B (red symbols) and grain D (blue
symbols) of Figure 3b of the manuscript.
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Abstract

Large-area multilayer hexagonal boron nitride (#-BN) dielectric stacks can be grown on different metallic substrates via
chemical vapor deposition (CVD). The high temperatures used during the 4#-BN growth produce the polycrystallization of the
metallic substrate (leading to different crystallographic orientations at the surface of each grain), which may influence the
catalytic activity of the CVD process on different grains, and the properties of the #-BN stacks grown on them. In this work we
compare the uniformity of multilayer #2-BN dielectric stacks grown via CVD on two different metallic substrates: Pt and Cu.
Our study indicates that the use of Pt substrates leads to severe #-BN thickness fluctuations from one Pt grain to another, while
this effect remarkably reduced when the h-BN is grown on Cu substrates. Therefore, the use of Cu substrates seems to be more
convenient for #-BN production and integration at the wafer level.

Introduction

Hexagonal boron nitride (4-BN) is a layered msulator
(direct band gap ~5.9 eV), in which boron and nitrogen atoms
arrange in a sp® hexagonal structure by covalent bonding,
whereas the layers stick to each other by Van der Waals
attraction [1]. In the field of electronics #-BN dielectric stacks
are very attractive given their very high thermal conductivity
(600 WmK-1), which is expected to slow down the dielectric
breakdown (BD) process. However, the integration of #2-BN
dielectric stacks in electronic devices is still problematic. The
first reports studied mechanically exfoliated thick (>20 layers)
/-BN nano flakes (diameter <10 um) [2]. Recent studies have
successfully synthesized 4-BN stacks via CVD on metallic
substrates [3-5]. However the effect of substrate inhomogenity
on the quality of the A-BN dielectric stacks is still unclear.
Here we show that the use of Pt substrates to grow #-BN via
CVD leads to severe thickness inhomogenities, a behavior
that is minimized when the #-BN are grown on Cu.

Experimental

Multilayer #-BN stacks have been grown on polycrystalline
Pt foils in a low pressure CVD furnace with two gas lines: one
driving 70 scem Ha and the other inputting the liquid borazine
precursor (assisted by 1 sccm Hy). The #2-BN growth on Pt was
carried out at 900 °C for 1 hour (after the typical annealing
step for cleaning the substrate). The ~A-BN/Cu samples were
prepared in a similar way by tuning the growth parameters.
The A-BN stacks were transferred on S10,/Si wafers and
metallic grids via bubbling method [3]; the Pt substrate was
recycled. The A-BN/SIO,/Si wafers and A-BN/grids were
analyzed via Raman spectroscopy and transmission electron
microscopy (TEM), respectively. The A#-BN/Pt stacks were
analyzed by conductive atomic force microscopy (CAFM),
and the obtained data have been treated using Nanoscope
software. Au/T1 top electrodes were deposited on the #-BN/Pt
and #-BN/Cu samples for probe station analysis.

Characterization of CVD grown 2-BN on Pt

After growth, the 4-BN stacks were transferred on SiO,/Si
wafers for Raman spectroscopy analysis (laser & = 532 nm).
We find out that the color of the 4#-BN sheet on the Si0,/S1
substrate (observed with an optical microscope) changed on
different areas following patterns identical to the shape of the
grains in the polycrystalline Pt foil on which the 4-BN was
grown (not shown). Raman spectroscopy revealed that the
different colors correspond to different #-BN thicknesses (see
Fig.1a). The typical Raman peak (~1370 cm™) appeared at all
the spots tested, and it has a slightly shift towards ~1366 cm™!
with the #-BN layers increase (bulk signal). Furthermore, high
magnification cross-section TEM images collected on several
h-BN/grids also proved thickness fluctuations within the #-BN
stacks (from 1-2 to 10-13 layers). The amount of defects in the
h-BN stacks grown in our lab (observed via TEM) is much
lower than in commercial samples (i.e. compare to Ref. [5]).
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Fig.1: (a) Raman spectra of 2-BN/SiO2/Si on spots that correspond to
different Pt grains (Pt is the substrate on which the ~-BN was grown).
(b) High resolution TEM images demonstrating different thicknesses
and low amount of defects in the layered structure of the ~-BN stacks.

Afterwards, the topographic and electrical performances of
as-grown #-BN were characterized via CAFM under ambient
atmosphere. Fig.2 displays the large-area (80 pum x 80 um)
topographic and current maps collected on as-grown A2-BN/Pt
stack simultaneously under a Pt substrate potential of -2V
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(CAFM tip grounded). For this experiment CAFM tips made
of Silicon coated with 23 nm of a Pt-Ir alloy from Nanoworld
(ref. ContPt) were used. The images show that the current
collected on grains (A-G) can differ a lot from one to another
(Fig.2b). Therefore, it can be concluded that the different
thicknesses of the #-BN grown on different Pt grains (see
Fig.1) produce severe current fluctuations from one grain to
another. In particular, Fig.2 shows that grain B drives the
largest currents (i.e. thinnest #-BN), while grain C drives the
lowest currents (i.e. thickest 2-BN). It is also worth noting that
the conductivity within each single grain shows to be very
homogeneous.

e

TN 100 pA

Onm HEEEEN 150nm 0pA

Fig. 2 (a) Topographic and (b) current maps simultaneously collected

on as-grown A-BN/Pt, under a bias of -2 V applied to the Pt substrate
(CAFM tip grounded).

In order to further display the differences on the currents
registered in each grain, we statistically analyze Fig.2b using
the software of the CAFM (called Nanoscope). The current at
each single pixel of the current map in each grain is analyzed
statistically in Fig.3. This plot displays much better the
current deviations within each grain, as well as the current
fluctuations from one grain to another. The mean current
value among these grains varies from 0.74 pA (grain B) to 1.2
nA (grain C). Interestingly, the standard deviation of the
currents all the grain (e.g. 0.067 pA for grain B and 398.14
pA for grain C) is comparable to that of other dielectrics
currently used in microelectronics industry (e.g. HfO),
indicating that the growth of large grains might enable the
fabrication of electronic devices with a low device-to-device
variability problems of ultra-scaled devices.

Current (pA)

A B C D E F

Fig.3. Statistical analysis of current value on each grain.

Device level characterization of Auw/Ti/A-BN/Pt samples
was carried out in the probe station. Fig.4 displays the current-
voltage (I-V) sweeps collected on different devices located in
same (a) and different (b) Pt grains. The results further support
the CAFM observations: the variability in terms of pre-BD
current and BD voltage is small/high in same/different grains.
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Fig.4. I-V sweeps collected on 25 um % 25 pm and 50 pm x 50 um
Ti/h-BN/Pt devices located in the same (a) and different (b) Pt grains.

Characterization of CVD grown 2-BN on Cu

The device level characterization has been repeated in #-BN
stacks grown on Cu foils. Fig.5 shows I-V sweeps collected on
different fresh devices. The lower currents (~10"3A) and
larger BD voltage (~8V) compared to Fig.4 (~10%A, <3V) are
related to the thicker nature of the /#-BN stack grown on the
Cu foil. As it can be observed, in this case the variability of the
pre-BD currents and BD voltage is minimal.
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Fig.5. I-V curves collected on different fresh 50 um x 50 um devices
in which the #-BN has been grown on Cu foils

Conclusion

Electrical characterization demonstrates that the multilayer
h-BN stacks grown on Cu foils show a more homogeneous
conductivity than those grown on Pt foils. The reason is that
the thickness of the /#-BN fluctuates on different Pt grains,
most probably due to the different crystallographic orientation
of the Pt surface on each grain, which may lead to different
catalytic activity and /-BN thicknesses.
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ABSTRACT: Insulating films are essential in multiple electronic devices 20 T T T Y y y
because they can provide essential functionalities, such as capacitance Hog AliDs
effects and electrical fields. Two-dimensional (2D) layered materials have 2
superb electronic, physical, chemical, thermal, and optical properties, and
they can be effectively used to provide additional performances, such as
flexibility and transparency. 2D layered insulators are called to be
essential in future electronic devices, but their reliability, degradation
kinetics, and dielectric breakdown (BD) process are still not understood. Mooléyse
In this work, the dielectric breakdown process of multilayer hexagonal 0
boron nitride (h-BN) is analyzed on the nanoscale and on the device 200 0 200 400 600 800 1000 1200
level, and the experimen'tal results are studied via thcoretic‘al models. It is Distance (nm)

found that under electrical stress, local charge accumulation and charge
trapping/detrapping are the onset mechanisms for dielectric BD
formation. By means of conductive atomic force microscopy, the BD event was triggered at several locations on the surface
of different dielectrics (SiO,, HfO,, Al,O;, multilayer h-BN, and monolayer h-BN); BD-induced hillocks rapidly appeared on the
surface of all of them when the BD was reached, except in monolayer h-BN. The high thermal conductivity of h-BN combined
with the one-atom-thick nature are genuine factors contributing to heat dissipation at the BD spot, which avoids self-accelerated
and thermally driven catastrophic BD. These results point to monolayer h-BN as a sublime dielectric in terms of reliability, which
may have important implications in future digital electronic devices.

KEYWORDS: dielectric breakdown, 2D materials, insulator, hexagonal boron nitride, CAFM

Multilayer 5102
h-BN

Height (nm)

1. INTRODUCTION their insulating properties.” This phenomenon is known as
Insulators are key elements in most digital electronic devices diclectric breakdown (BD) and has been widely studied in
because they can provide essential functionalities, such as several insulators for electronic devices (e.g,, SiO,, HfO,, and
. . . 1 .
capacitance effects in field effect transistors (FETs).' During AL,O,).>™° In these oxides, the percolation model is the most
device operation, insulating films are usually exposed to
electrical fields in metal—insulator—semiconductor (MIS) Received: July 26, 2017
and/or metal—insulator—metal (MIM) structures, which causes Accepted: October 17, 2017
degradation of their microstructure and partial/complete loss of Published: October 17, 2017
ACS Publications  © 2017 American Chemical Society 39758 DOI: 10.1021/acsami.7b10948
W ACS Appl. Mater. Interfaces 2017, 9, 39758-39770
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Figure 1. Schematic of the (a) as-received Cu substrate and (b) Cu substrate coated with a thin Ni film. (c) Schematic of the CVD furnace used for
the annealing and h-BN growth. (d) Schematic of the resulting CuNi substrate after thermal annealing. (e) Schematic of the h-BN/CuNi sample. In
(a), (b), (d), and (e), the brown, dark gray, blue, and light gray balls represent Cu, Ni, N, and B atoms, respectively. Cross-sectional TEM images of
(f) the monolayer h-BN sheets on the CuNi substrate and (g) the multilayer h-BN stack. In panel (f), the top part corresponds to the chromium
protective layer (only for TEM) and the bottom part is the CuNi substrate; the dark areas in the bottom part of (f) are the Ni dopants in the Cu
substrate. (h) Raman spectrum of h-BN; for this measurement, the h-BN was transferred on a 300 nm SiO,/Si substrate.

accepted theory for BD formation, and it states that the
insulating capability is lost because of the formation of a
defective conductive nanofilament (CNF) connecting the two
sides of the dielectric.” When the last defect that forms the
filament is trapped, the local currents increase sharply by
several orders of magnitude, leading to the accumulation of
thermal heat at the BD site.” This supplies nearby atoms (in
both the oxide and adjacent metallic electrodes) with a high
energy that produces avalanche <_:ur1rents,3 lateral BD spot
propagation,” and electromigration,® which ultimately results in
irreversible surface extrusion (hillock formation)®*™'" and
dramatic failure of the entire device. Avoiding BD-induced
irreversible damage in dielectrics is highly desirable to enhance
the reliability and lifetime of digital electronic devices,"" but
until now, all dielectrics known (e.g., SiO,, HfO,, and AlL,0;)
show severe hillock formation when they reach BD.*”'" A
number of authors'>™"* have shown that in poly-Si/ SiO,N,/Si,
the BD spot is characterized by the formation of a Si-rich region
in the SiO,N, dielectric.''"*'* In silicon-based technologies,
BD-induced surface extrusion is also known as BD-induced
epitaxy because the hillock forms by the nucleation of silicon
atoms at the BD site (either at the silicon substrate or at the
polysilicon gate interfaces), similar to epitaxial growth.'®'”
Similarly, the BD event in metal/HfO,/SiO,N,/Si leads to a
metal-rich region in the high-k dielectric at the BD spot.'® This
is a clear evidence of atomic diffusion and electromigration,
which results in the formation of CNFs in the dielectric. In
traditional dielectrics (e.g. SiO,, HfO,, and AlL,O,), the size of
the BD-induced hillock depends on the polarity of the voltage
applied'® and on the magnitude of the currents generated
during the BD event, which are directly related to the local
temperature at the BD spot.' Within this framework, the
thermal conductivity of the insulating material plays a
fundamental role in the BD growth.

With the introduction of two-dimensional (2D) materials in
the structure of micro- and nanoelectronic devices, the concept
of BD needs to be revised as 2D materials hold special physical,
chemical, and mechanical properties. For example, recent
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reports successfully fabricated MISFET devices using exclu-
sively 2D layered materials [i.e., graphene as the conductive
electrode, hexagonal boron nitride (h-BN) as the insulator, and
MoS, as the semiconductor],"”?® but the kinetics and effect of
the BD in such type of material systems were not reported. One
clear advantage of 2D materials from a device reliability point of
view is their superb thermal conductivity (3080—5150 W/m K
in gra]izhene,)'l 83 W/m K in M(;)Sl,22 and 360 W/m K in h-
BN),” which may dissipate local thermal heat, reduce
avalanche currents, and slow down electromigration, enhancing
the overall reliability of the entire device. As the insulator is the
most determinant layer defining the kinetics of the BD event in
a device, understanding the BD process in 2D layered insulators
(e.g, h-BN) is crucial to assess the reliability of 2D material-
based electronic devices. Unfortunately, these kind of studies
are very scarce. It is known that the dielectric strength of h-BN
(12 MV/cm)™ is larger than those of traditional oxides (7—9
MV/cm in $iO,”* and 2—4.5 MV/cm in HfO,),”® and that the
BD process in 2D layered insulators (e.g, h-BN) takes place
layer-by-layer because of the anisotropic speed of defect
formation, which is related to the different atomic interactions
in the layered stack: covalent bonding in-plane and van der
Waals attraction plane-to-plane.”*”** Here, the BD process in
multilayer h-BN stacks and monolayer h-BN sheets is analyzed
on both the nanoscale and on the device level, and the
experimental results are further studied via theoretical BD
modeling. Our experiments indicate that the degradation of the
h-BN stacks takes place because of the local accumulation of
defects and charge trapping/detrapping at weak sites; this
means that although the BD in 2D layered insulators may be
reached layer-by-layer, the degradation via local defects
formation is a universal behavior that also applies to 2D
materials. By means of conductive atomic force microscopy, the
BD event is triggered at several locations on the surface of
different dielectrics (SiO,, HfO,, AL,O;, multilayer h-BN, and
monolayer h-BN); BD-induced surface extrusion rapidly
appeared on the surface of all of them when the BD was
reached, except in monolayer h-BN. The high thermal
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Figure 2. (a) Schematic and (b) photograph of the setup used for IL electrical stress in the h-BN/Cu sample. (c) I-V curves collected in the IL/h-
BN/CuNi test structures before and after the electrical tests. The voltage sweeps from —0.5 V to 0.5 V. The sweep rate is sufficiently slow (~0.01 V/
s) to ensure that the current is measured at a steady state. (d) Electrical tests applied to the IL/h-BN/CuNi samples. Current maps collected on the
surface of the h-BN/CuNi samples before (e) and after (f) the IL stress (rose = 0 pA; yellow = 1 nA). Cross-sectional TEM images of (g) Ti/h-BN/
CuNi and (h) Ti/h-BN/Au devices exposed to electrical stress. In both cases, the h-BN shows stress-induced defective regions, which are attributed
to missing bonding (B-vacancies generation in panel g) and penetration of impurities from adjacent layers (metallic ions in panel h). These defective

regions are highlighted with dashed yellow lines.

conductivity of h-BN in the basal plane® combined with the
one-atom-thick nature are genuine factors contributing to heat
dissipation (probably through the adjacent electrodes),” which
avoids self-accelerated and thermally driven catastrophic BD.
Qur results point to monolayer h-BN as a sublime dielectric in
terms of reliability, which may have important implications in
future digital electronic devices.

2. RESULTS AND DISCUSSION

Monolayer h-BN sheets and multilayer h-BN stacks with
different thicknesses ranging between S and 25 layers were
grown by chemical vapor deposition (CVD) on Ni-doped Cu
(CuNi) substrates following the process developed in our
recent work (see Methods and Figure la—e).*” The advantage
of using Ni doping in Cu substrates is that the grain size in the
CVD-grown polycrystalline h-BN sheet/stack is larger; this
results in a better layered structure and less number of defects
in the h-BN because of the minimization of the number of grain
boundaries, which are highly defective.*’ The presence of h-BN

on the CuNi substrates after the CVD growth process was
corroborated via cross-sectional transmission electron micros-
copy (TEM, see Figure 1f,g) and Raman spectroscopy (Figure
1h). The TEM images reveal an excellent layered structure,
which is essential to ensure large thermal conductivity in the h-
BN. The surface roughness of the h-BN/CuNi samples was
analyzed on the nanoscale by means of atomic force
microscopy (AFM); the images show the typical steps in the
CuNi substrate beneath the h-BN stack, and the surface
roughness of the h-BN on the CuNi plateaus is very low [root
mean square < 0.2 nm, Figure S1]. This further confirms the
excellent morphology of the samples fabricated in this
investigation.

The degradation of $S—7 layer thick h-BN/CuNi stacks was
induced by applying an homogeneous electrical field in a
circular area of 40 pm diameter using the probe station; after
that, the same area was scanned using a conductive atomic force
microscope (CAFM, working in the contact mode) to map the
degradation (increase of conductivity) induced in the insulating
h-BN stack. Normally, this kind of test is performed by
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Figure 3. RTN signal analysis. (a) I—t curve collected with the tip of the CAFM on the multilayer h-BN showing the RTN signal. (b,c) Calculation
of the time for trap capture () and emission (7yq,,) for the RTN signal displayed in (a). The values obtained are 20 and 12 ms. (d) Calculation of

the power spectral density for the same RTN signal (21.22 Hz).

depositing a top metallic electrode on the insulator, and this
top electrode needs to be removed before the CAFM
characterization.”’ ** Different methods to remove the top
electrode have been suggested, including wet etching® dry
etching,* and even CAFM-tip-induced etching.** However, all
of them provide poor controllability on the etching and can
easily damage the surface of the insulator. In this investigation,
we use the approach recently reported in ref 34, in which the
top electrode is replaced by an ionic liquid (IL, see Figure 2a,b,
Methods section, and Figure S2). Using this method, the IL can
be easily rinsed after the probe station electrical stress, and then
the surface of the sample is exposed and scanned using
conductive atomic force microscopy.

The IL electrical test consisted of the following: (i) A fresh
IL droplet was first placed over the window region, and a
spectroscopic ramped voltage stress (RVS) using a very low
voltage from —0.5 to +0.5 V was applied to a fresh h-BN/CuNi
sample to characterize its initial conductivity. The correspond-
ing current versus voltage (I-V) curve is shown in Figure 2c
(black squares); (ii) The device was transferred to a vacuum
probe station and pumped down to below 1 mTorr. Then a
constant voltage stress (CVS) at +6 V for 1 min was applied
with the aim of degrading the microstructure of the h-BN stack.
The evolution of the current versus time (I—t curve) is
displayed in Figure 2d; and (jii) Following the transfer of the
device out of the vacuum, the IL was rinsed off and replaced by
a fresh droplet of IL. Then, another RVS from —0.5 to +0.5 V
was applied after the CVS to characterize the conductivity of
the stressed h-BN/CuNi sample. The corresponding I-V curve
is shown in Figure 2c (red circles). Figure 2c clearly shows that
the overall conductivity of the h-BN stack increased after the
CVS. Figure 2e,f shows the typical current maps collected with
the CAFM on the surface of the fresh and stressed h-BN/CuNi
samples, respectively. In this experiment, the CAFM was
operated in the contact mode under a tip bias of +1 V (CuNi
substrate grounded). As Figure 2f shows, after the electrical
stress, several highly conductive (yellow) spots appeared
randomly distributed along the surface of the sample. Using
the software of the CAFM, the density of the conductive spots,
their size, and the currents driven are statistically analyzed, and
they are 105.34 spots/,umz, 459.43 + 432.42 nm?, and 4.15 +
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1.74 nA, respectively (see Figures S3 and $4). The atomic
rearrangements produced by the electrical field in h-BN-based
MIM devices were analyzed via cross-sectional TEM (see
Figure 2gh). The experiments reveal that the highly conductive
spots are related to the formation of defective bonds within the
microstructure of the h-BN stack, probably because of the
migration of boron vacancies™ and/or penetration of species
from the adjacent electrodes.”*” The content of impurities
(carbon oxygen) was low and did not change with the
application of a bias, meaning that these species are not related
to the resistive switching mechanism. This degradation
mechanism is very similar to that observed in three-dimensional
(3D) insulators™ and indicates that although the degradation
kinetics of multilayer 2D insulators may be different (layer-by-
layer), the physical mechanism producing the degradation of
the material is the same.

The local formation of defects within the h-BN stacks was
further investigated via I—t curves collected with the tip of the
CAFM on the surface of fresh 5—7 layer thick h-BN/CuNi
stacks (see Figure 3a). The I—t curves collected show abrupt
random fluctuations between different well-defined conduction
levels. This behavior is typical of the random telegraph noise
(RTN) signal®**” and indicates the trapping and detrapping of
charges in the multilager h-BN stack. For the I—t curve in
Figure 3a, the time for trap capture (7,,) and emission (7yg,,)
were statistically calculated, and they are 20 and 12 ms,
respectively (see Figure 3b,c). Figure 3d shows the power
spectral density plot, which is 21.22 Hz. Because the number of
conduction levels in Figure 3a is only two, most probably the
RTN signal in that plot corresponds to the trapping and
detrapping of a single trap. Other locations of the sample
showed up to four discrete conduction levels, indicating that
multitrap RTN is also possible. Therefore, the local trapping
and detrapping of charges in the h-BN during its degradation
process is a universal behavior that can be extrapolated to 2D
layered insulators.

In the next step, the effect of the BD event in the h-BN stack
was analyzed using the CAFM. Nine spectroscopic RVSs from
0 V to Vyux were applied at different locations on the bare
surface of a 5—7 layers thick h-BN/CuNi sample (locations A—
I in Figure 4a); the value of Vyzx was 8 V at positions A—C, 4
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Figure 4. (a) AFM topographic map obtained on a §—7 layer thick h-BN grown on CuNi substrates. The CuNi steps can be observed, and the
surface of the h-BN within each CuNi terrace is atomically flat. Nine RVSs ranging from 0 V to Vi were applied at the area shown in (a). The
value of Vy,x was 8 V for locations A—C, 4 V for locations D—F, and 2.5 V for locations G—1. Panel (b) shows the typical forward (F) and backward
(B) I-V curves measured in each type of RVS. (c) Topographic map measured at the same location after the RVS, under 1 V biasing. Hillock
formation can be observed at most locations. The number of locations and the width/height of the hillocks increase with Vyg4x. The inset in (c) is

the current map of one hillock (blue = 0 pA, yellow = 10 pA).

V at positions D—F, and 2.5 V at positions G—I. Figure 4b
shows the typical forward (F) and backward (B) current versus
voltage (I-V) curves measured when using different Vi
values. In all cases, the currents driven during the forward
curves are very small, and they increase remarkably during the
backward curves, confirming the presence of an insulating
material (h-BN) on the CuNi substrate. The voltage at which
the forward (F) I-V curves start to show currents (from now,
onset potential, Voy) is ~1.5 V, which agrees well with the
values previously reported in similar experiments and
calculations (for h-BN sheets of similar thicknesses).””*”
Interestingly, Vi is very similar for all forward I-V curves,
indicating that this h-BN sample is intrinsically very
homogeneous; this is always desirable to reduce the device-
to-device variability in patterned nanodevices. At these low
voltages, the localized currents measured correspond to direct
and/or Fowler—Nordheim tunneling across the h-BN
stack.””*? At around 1.9 V, all forward I-V curves show a
sudden increase in the current, probably related to the
generation of defects within the h-BN stack. When the current
reaches 5.5 nA, the I-V curves become horizontal, indicating
that the saturation level of the CAFM has been reached. All
backward (B) I-V curves shift to lower potentials, corroborat-
ing the generation of defects that favor the leakage current. The
magnitude of this shift is proportional to the value of Vyj,x. The
backward ramp when using Vyux = 2.5 V shows abundant
current fluctuations, indicating severe charge trapping and
detrapping. Nevertheless, the stress voltage applied was not
large enough to induce a consistent percolation path across the
h-BN as Vo is well above zero (it is >0.5 V). The backward
ramp using Vy;ux = 4 V shows slightly larger currents that are
less noisy, indicating a more severe degree of degradation.
Again, the percolation path is not completely formed because
the stressed location still needs non-negligible voltages (>0.5
V) to display currents above the noise level. Finally, the
backward ramp using Vyax = 8 V shows a near-zero Voy,
indicating that an effective CNF has been completely formed.”
This is also supported by the change in the shape of the [-V'
curve: exponential for the RVSs with Vi,y of 2.5 and 4 V and
linear for those with Vy;,x = 8 V.

After the spectroscopic RVS (Figure 4b), the same area of
the sample was scanned again, and the resulting topographic
map is shown in Figure 4c. As it can be observed, all RVSs with
Viax = 8 V show a BD-induced hillock formation (spots A, B,
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and C). For the other six RVSs (Vyux of 4 and 2.5 V), only
three hillocks appeared in the topographic map (Figure 4c,
spots D, F, and G), and they are shorter (in average), indicating
a smaller degree of degradation at lower Vyg,x. This observation
is in agreement with the larger shifts observed for RVS using
higher Vy,y in Figure 4b. The current maps show that these
hillocks drive much larger currents compared to the unstressed
locations (see the inset in Figure 4c), corroborating the
degradation of the multilayer h-BN stack. These experiments
were repeated at 23 locations of 2 multilayer h-BN samples
with thicknesses ranging between S and 25 layers, and similar
results were observed.

To compare the formation of BD-induced hillocks in
different stoichiometric dielectrics, these experiments were
repeated on the surface of 4 nm HfO,, 10 nm Al,O;, and 1 nm
SiO, films, all of them grown by atomic layer deposition on
silicon (see Methods). Figure Sa,b shows the topographic AFM
maps collected on the surface of 4 nm HfO,/Si and 10 nm
AlL,O;/Si samples, on which the BD event was previously
triggered via RVS at one and four different locations,
respectively. These two experiments were carried out with
the CAFM working in the contact mode and in normal air
atmosphere. Figure Sc shows the topographic AFM map
collected on the surface of a 1 nm SiO,/Si sample, on which the
BD event was triggered at six different locations. This
experiment was carried out in ultrahigh vacuum (UHV)
atmosphere and by applying different current limitations.
Figure 5d shows the horizontal cross-section at the central-
upper part of Figure Sc. In all cases, profound electrical-field-
driven surface extrusion (hillock formation) was observed,
which was much more dramatic than in h-BN. In the multilayer
h-BN (Figure 4c) as well as in SiO, and transition metal
oxides," ™" larger thickness, Vyay, and/or current limitation
always resulted in a larger surface extrusion (see Figure 5d). It
should be highlighted that the BD-induced hillocks observed in
Figure Sab cannot be related to the presence of water
molecules on the sample when measuring in normal air
atmosphere (i.e,, local anodic oxidation)"' because in all cases,
the RVSs were apglied by injecting electrons from the substrate
(see Methods)."** This is further corroborated by the
formation of BD-induced hillocks on the surface of SiO,
when measuring under UHV conditions (Figure Sc,d).

The hillocks generated on the surface of the multilayer h-BN
stack during the BD event were analyzed in-depth from zoom-
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Figure 5. Comparison of BD-induced hillock formation in different
materials. Topographic AFM maps collected at the BD location/s for
(a) 4 nm HfO,, (b) 10 nm Al,O;, and (c) 1 nm SiO,. The BD events
were triggered at different locations of the sample via RVS before the
scans. (a) and (b) have been collected in a CAFM working in air,
whereas (c) has been collected in UHV. In (c), the RVS (from 0 V to
Vyax of ~7.5/8 V) had been previously applied at six different
locations. The RVS at location (i) did not use any current limitation
(CL), and the RVS at locations (ii), (iii), (iv), (v), and (vi) used a CL
of 50, 100, S00 pA, 1, and 10, respectively. (d) Cross-section at the
upper-central part of (c), which displays the size of the hillocks and
demonstrates quantitative control of the size of the BD-induced
hillocks via CL.

in topographic, adhesion, and deformation maps collected in
the PeakForce TUNA* mode under a tip bias of 1 V (see
Figure 6). This mode collects one force versus distance (F—Z)
curve at each pixel of the image. Whereas the topographic map
(Figure 6a) only displays a central protrusion ~11.2 nm in
height and ~92 nm in diameter, the adhesion and deformation
maps (Figure 6b,c) show concentric ringlike structures that
overlap very well with the hillock observed in the topographic
map. The adhesion map refers to the interaction force between
the tip and the sample just before the tip detaches from the
sample in each F—Z curve. This force (F,4) depends on several
parameters,” including capillary forces (Feyp), van der Waals
forces (F,qw), forces related to chemical bonds or acid—base
interactions (F,,,), and electrostatic forces (F,):

Fad = Fcap + F\'dW + E:hem + Fel (1)

As the only difference between a stressed and unstressed
location in Figure 6b is the amount of charges trapped in the h-
BN stack during the BD (which only alter Fy), in this
experiment, changes in the adhesion force can be attributed to

the different distributions of charge trapped in the dielectric.
The typical adhesion force between the unstressed h-BN and
the CAFM tip (under a tip bias of 1 V) can be deduced from
the outer area in Figure 6b (blue color), and it is near zero. At
the BD spot (dark central area), the adhesion map shows
negative (attractive) forces up to ~—50 nN. Most probably, the
atomic rearrangements in the h-BN dielectric stack at the BD
location altered the F, contribution in eq 1: it has been
reported that the amount of charge in nanoparticles can
strongly modify the interaction force in F—Z curves.”® As the
tip bias during the scan was 1 V, the large attractive force
indicates that the sign of the charges trapped at the BD location
during the RVS is negative, being consistent with the kinetics of
the BD event. When a positive RVS is applied to the Pt-coated
CAFM tip in contact with the h-BN/CuNi structure, Cu" ions
cannot penetrate in the h-BN stack because they are dragged by
the electrical field in the opposite direction, and the Pt coating
from the CAFM tip is a noble, stable, and inert material that
requires higher energies for electromigration.”® On the
contrary, abundant migration of boron toward the anode
during the BD (reservoir formation) has been readily observed
via electron energy loss spectroscopy (EELS);*** it is known
that the activation energy of boron vacancies is much lower
than that of nitrogen ones.’® This observation of boron
movement toward the positive electrode implies that the boron
ions need to be negatively charged. Although boron is often
considered to be an electron donor (it can lose three electrons
to become stable), boron atoms can also accept electrons to
become stable. Moreover, the electronic affinity of boron is 27
kJ/mol, which indicates facility for becoming ionized. In
addition, the local energy generated during the BD event is very
high (the current density can easily reach J ~ 10° A/cm?),
facilitating boron ionization. Therefore, the high attractive
forces observed at the central part of Figure 6b should be
related to the accumulation of negatively charged B~ ions at the
BD spot. Interestingly, the adhesion map shows a ringlike
structure (yellow/green colors) surrounding the BD spot. This
area, which is masked in the topographic map, shows repulsive
forces (~S0 nN), indicating that the charges within the h-BN
stack at these locations may have an opposite polarity (positive)
compared to the center of the BD spot (negative). Probably the
negative charges within the h-BN stack at the BD location
repeal/attract the negative/positive mobile charges nearby,
generating a ringlike area with inverse polarity surrounding the
BD spot.

Additional information can be gained from the deformation
map (Figure 6¢), which can be understood as the modification
of the contact forces between the tip and the sample.”” As
displayed in Figure 6b, the contact forces at the BD location are
governed by the charges trapped in the dielectric; therefore, a
high deformation signal can be understood as a change in the
amount of charges trapped in the dielectric during the
measurement. It is known that the BD event in a dielectric
can generate both deep and superficial traps;*” the first type is
normally immobile (also called fixed), whereas the second can
get self detrapped with time and/or when another body (such
as the CAFM tip) gets in contact with them. In Figure 6c, the
very center of the BD spot shows a low deformation (smallest
circle, yellow color); this is an indication that the central part of
the filament is stable and made of fixed charges. On the
contrary, the surrounding areas within the BD spot region
(middle circle, black/pink/purple colors) reveal mobile charges
that get detrapped during the scan as the deformation signal is
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Figure 6. Nanoscale characterization of the BD-induced hillock formation in the multilayer h-BN. (a) Topography, (b) adhesion, and (c)
deformation maps collected with the CAFM in the PeakForce TUNA mode. (d) Cross-sectional schematic of a CNF in the multilayer h-BN upon
analysis of panels (a), (b), and (c). Light-blue balls represent fixed negative charges, dark-blue balls represent mobile negative charges, and red balls
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Figure 7. Absence of BD-induced surface extrusion in the monolayer h-BN. (a) AFM topographic map collected on the surface of the monolayer h-
BN. The dielectric BD has been induced at eight locations of this area, by applying four RVSs ranging from 0 to +8 V and four RVSs ranging from 0
to —8 V. (b) Typical forward (F) and backward (B) I-V curves collected during these RVSs. The observation of a transition from nonlinear to linear
conduction corroborates the presence of the insulating h-BN on the CuNi substrate. The presence of h-BN on the CuNi substrate has also been
proved via TEM (see Figure 1f). (c) AFM topographic map collected after the application of RVS. The red and blue ellipses indicate the areas where
the RVSs from 0 to +8 V and 0 to —8 V were applied (respectively). No signal of BD-induced hillock formation has been detected.

larger. Finally, the red area surrounding the BD spot in Figure
6¢, which as mentioned above corresponds to the presence of
positive charges within the h-BN stack (yellow-green ring in
Figure 6b), shows almost negligible deformation. This
observation is consistent with the presence of fixed negative
charges at the BD location. Figure 6d shows the cross-sectional
schematic of the conductive filament structure. Multiple
investigations have reported the in situ observation of CNFs
through different kinds of dielectrics via scanning probe
microscopy (SPM) ;454 however, to the best of our knowledge,
the charge separation effect at the BD location shown in Figure
6 has never been reported before. Similarly, we are not aware of
other works analyzing the amount of charge trapped in a
dielectric using adhesion and deformation images collected via
SPM. This new methodology can complement very well the
information about the BD spot traditionally collected via
conductive atomic force microscopy and Kelvin probe force
microscopy.
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The surprising observation came when these experiments
were repeated in monolayer h-BN sheets. As in the case of
multilayer h-BN (Figure 4a), the surface of fresh monolayer h-
BN samples is very flat and displays the typical steps of the
CuNi foil (Figure 7a). Several RVSs from 0 to +8 V were
applied at different locations of the sample. The typical I-V
curves collected are displayed in Figure 7b. Interestingly, the
currents driven in both polarities during the forward (F) ramps
fit well with the previous experimental and modeled
observations in the monolayer h-BN;*”*” this, together with
the cross-sectional TEM image displayed in Figure 1f, confirms
the presence of the monolayer h-BN on the CuNi substrate.
From an electrical point of view, the BD in the monolayer h-
BN sheet was even stronger than the BD in the multilayer h-
BN, as corroborated by the higher slope of the backward (B)
curve rising from 0 V. Contrarily to what was expected,
subsequent topographic maps collected at the BD locations
never showed any signal of surface modification (see Figure
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7c). These experiments were repeated at 32 different locations
of the monolayer h-BN/CuNi samples, and BD-induced hillock
formation was never observed. To discard any influence of the
different substrates (in Figure S, the SiO,, HfO,, and Al,O;
materials were grown on nSi, not on CuNi), these experiments
were further repeated after transferring the h-BN on a nSi
substrate (without its native oxide). The results are displayed in
Figures S6 and S7. The data collected prove that (i) the surface
of both nSi and h-BN/Si samples is atomically flat; (ii) the BD
event is reached (the backward plot is shifted toward lower
potentials); and (iii) there is no electrical-field-driven surface
extrusion (hillock formation) after the BD event.

Figure 8 compares the height of the BD-induced hillocks
triggered on the surface of all materials studied in this work (for
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Figure 8. Cross-sectional analyses of BD-induced hillock formation in
multilayer h-BN, SiO,, HfO,, and AL,O; (extracted from Figures 4c,
Sc,a,b, respectively). The profile of monolayer h-BN at the BD location
(extracted from Figure 7c) has also been plotted for comparison.
Multilayer h-BN shows BD-induced surface extrusion (hillock
formation) comparable to that of traditional 3D dielectrics. Monolayer
h-BN shows no signal of BD-induced surface extrusion.

all materials, the median hillock height of all experiments has
been displayed; for all samples, only hillocks induced without
the use of current limitation during the RVS curves have been
considered). As it can be observed, the monolayer h-BN is the
only dielectric capable of maintaining its flat surface after the
BD, even if the magnitude of the currents measured during the
BD was much larger (compare the backward I-V curve for
Vyax = 8 Vin Figures 4b and 7b). It should be highlighted that
the atoms that form the hillock not only come from the
insulator but also come from the substrate (often in an even
larger proportion) because of thermal electromigration.'®"”
Therefore, despite being the thinnest dielectric, the monolayer
h-BN protects more effectively the MIM structure from thermal
electromigration and surface extrusion. The high thermal
conductivity of h-BN'' combined with the one-atom-thick
structure of monolayer sheets should be the genuine factors
promoting thermal heat dissipation at the BD spot (most
probably through the electrodes), which results in an unaltered
surface and a superior electronic reliability. Table 1 shows the
thermal conductivity of different 2D materials and thin
dielectrics™ 7>**°7% a5 well as the dielectric strength for
those materials that are insulators.**>*7=>% Ag it can be
observed, the h-BN shows the highest thermal conductivity
among all insulators, which correlates with the largest dielectric
strength, pointing to the thermal conductivity as the main
factor behind superior dielectric reliability. Interestingly in
Table 1, the thermal conductivity of the monolayer h-BN
(>600 W/m K) is much higher than that of the multilayer h-
BN (~230-300 W/m K), further supporting the different
behaviors observed in Figures 4c and 7c. Some works®
analyzed the tunneling current in exfoliated atomically thin h-
BN samples (1—30 layers) but not in the BD event. Other
works studied the BD process in thick (>33 layers) exfoliated h-
BN samples via conductive atomic force microscopy.”' In that
case, the BD formed one hole on the surface of the h-BN

Table 1. Thermal Conductivity (at Room Temperature, ~300 K) and Dielectric Strength of Different 2D Materials and

Traditional 3D Insulators®

materials material classification  thermal conductivity (W/m K)
graphene 2D conductor 4840 + 440—-5300 + 480
3080-5150
2500—-5300
600-5000
5000
MoS, 2D semiconductor 83
345 +4
52
phosphorene 2D semiconductor 10-35
h-BN 2D insulator 250
360
250-360
>600
230
SiO, 3D insulator 0.69—1.4
AL, 3D insulator 049-2.3
HfO, 3D insulator 0.3-2.55
TiO, 3D insulator 035-3

sample description ref dielectric strength (MV/cm) ref
suspended single layer 50 NA NA
suspended single layer 21 NA NA
suspended single layer 51 NA NA
suspended single layer 52 NA NA
suspended single layer 53 NA NA
monolayer 22 NA NA
monolayer 55 NA NA
suspended few layers 53 NA NA
suspended few layers 52 NA NA
5 layers thick 23 12 24
11 layers thick 12 24
11 layers thick 52 12 24
single layer 54 12 24
few layers 53 12 24
thickness 20—1560 nm 56 10 57
thickness 20—1560 nm 56 5-10 59
thickness 20—1560 nm 56 7-9 25
thickness 5—55 000 nm 56 10 57
thickness 3—500 nm 56 2—45 26
thickness 110-2000 nm 56 04 58

“NA indicates not applicable because conductive and semiconducting materials do not have the property of dielectric strength. 2D indicates that this
material has a layered structure, with only atomic bonds in plane and layer-to-layer attraction via van der Waals forces.
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Figure 9. I—t curves collected in three different Ti/3 nm h-BN/Cu capacitors when stressed at different constant voltages of (a) 0.2 V, (b) 0.5 V, and
(c) 0.8 V during different periods of time. In all cases, progressive BD can be distinguished.

(material removal), as detected by subsequent topographic
AFM maps, in contrast to our study. However, those samples
are much thicker than the ones studied here, and thicker
samples may block electromigration effects. Therefore,
comparisons between our work and ref 61 are not meaningful.
In any case, in this study, we want to concentrate only in CVD-
grown h-BN because these samples are scalable and
competitive for mass device fabrication, whereas mechanical
exfoliation is not a synthesis method suitable for the industry.

To understand the influence of thermal conductivity of the h-
BN layer on the BD event, additional electrical characterization
was conducted on the device level. Figure 9 shows the I—t
curves collected at different voltages in three different Au/Ti/h-
BN/CuNi devices. Interestingly, the slope of the I—t curves is
similar independent of the current level. This observation is
different from what was expected, and it is in contrast to what
has been previously reported in traditional dielectrics (e.g.,
Si0,, HfO,, and Al,O,); in these materials, larger currents
produce larger local thermal heat,** which promotes additional
defect generation.”” This self-accelerated process results in a
faster increase in the current (higher slope in the I—t
curve).*"*> Moreover, the degradation process is very
progressive, which further suggests that the breakdown process
is influenced by the high thermal conductivity of the h-BN
layers in the BD event. It should be highlighted that by means
of EELS profiles collected at the BD spot locations, a recent
paper clearly shows that the BD in Ti/h-BN/CuNi capacitors is
related to the migration of B toward the Ti electrode and at the
same time penetration of Ti into the h-BN layer.””

In the next step, the BD process in Ti/h-BN/CuNi devices
was analyzed using the model recently developed in refs 64 and
66, in which the BD growth rate dlzp/dt is described. The
boron vacancy migration is considered because it is the first
thermally activated defect. The diffusion coefficients obtained
for the migration processes in the h-BN are obtained from ref
35. The dIyp/dt is described by the following equation reported
in ref 42.

i = ﬂj—lz-D-IBD with: f = n.-2.-q
dt kyTt, !
where ¢ is the elementary charge, V is the stress voltage, kg is
the Boltzman constant, T is the progressive BD (PBD) spot
temperature, t,, is the oxide thickness, D is the bottle neck
diffusivity of the atomic species among those participating in
the PBD spot growth, and f; represents the probability of
collision between the electron and the atom, producing

electromigration with n,, 4, and o, being the electron density,
electron mean free path, and cross-section for atom-electron
collision, respectively. The values of D and T are given by the
following equations:

fz VIyp

D =D, exp(—Ea/kgT) with: T = + T

Tt K
where E, is the activation energy for atom diffusion, f, is the
fraction of the energy qV per electron lost at the BD spot, k is
the thermal conductivity, and T, is the ambient temperature.
Figure 10 shows the rate of the BD current increase, dIpp/dt, as
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Figure 10. Rate of the BD current increase (dlgp/dt) as a function of
the stress voltage measured in MOS and MIM stacks with different
dielectric layers. For modeling the dlyp/dt in h-BN layers, the
following parameters have been used; f,, = 3 nm, k = 300 W/m K, and
E, =11¢eV.

a function of the stress voltage measured in metal oxide
semiconductor (MOS) stacks with different dielectrics and h-
BN-based MIM stacks. The experimental data correspond to
poly-Si/SiO, (2 nm)/Si from refs 67 and 68; Au/Ti/HK/n-
InGaAs with Al,O; (9 nm), Si;N, (9 nm), HfO, (10 nm) from
ref 64, and h-BN (3 nm)-based MIM stacks. The calculations
according to the model are also included. The model provides a
good quantitative account for the observed BD growth rate in
many systems, including h-BN layers. The order of magnitude
of the predicted BD current growth rate, dIpp/dt, is close to the
experimental data. This result confirms that the thermal
conductivity of ultrathin h-BN layers plays a relevant role in
the BD event.

3. CONCLUSIONS

In conclusion, the dielectric BD event in monolayer h-BN
sheets and multilager h-BN stacks was analyzed on the
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nanoscale and on the device level. Although the multilayer h-
BN reaches BD in a characteristic layer-by-layer manner, the
BD process is characterized by abundant local charge trapping
(as confirmed by the observation of RTN-like current signals
and local charge accumulation), indicating that this is a
universal behavior that takes place in both 2D (layered) and 3D
dielectrics. When the BD is triggered, multilayer h-BN stacks
show severe BD-induced surface extrusion (hillock formation)
very similar to that of traditional 3D dielectrics (SiO,, HfO,,
and AL O3). On the contrary, the monolayer h-BN never shows
BD-induced surface extrusion, even when the BD event is
stronger. The enhanced reliability of h-BN is related to its
superior thermal conductivity, which may dissipate local
thermal heat, reduce avalanche currents, and slow down
electromigration, enhancing the overall reliability of the entire
device. These hypotheses have been demonstrated via device
level {probe station) measurements and fittings to the BD
theoretical models. Our work provides new insights into the
reliability and BD of 2D layered insulators, which will be in high

demand in future digital electronic nanodevices.

4. METHODS

4.1. h-BN Synthesis. The h-BN was grown via the CVD approach
on a CuNi foil, following the methodologies reported in our previous
work.>® First, a 25 yim thick Cu foil (with 99.9 purity, purchased at Alfa
Aesar) was electrochemically polished using a current of 10 A for LS
min to decrease its surface roughness. The electrolyte used here was a
mixture of 500 mL of water, 250 mL of ethanol, 250 mL of
orthophosphoric acid, S0 mL of isopropyl alcohol, and § g of urea.
After that, to further enhance the flatness and its grain size, the Cu foil
was annealed at 1050 °C for 2 h in a mixed flow (400 sccm and 100
scam for Ar and H,, respectively) under atmosphere pressure. The
next step was to electroplate the Ni layer on the Cu foil; the
electrolytic solution used here contained 1 L of water, 280 g of NiSO,,-
6H,0, 8 g of NiCl,-6H,0, 4 g of NaF, and 30 g of H,BO,. During this
process, the current density was set to 0.01 A-am® to maintain a
constant Ni deposition rate of 200 nm/min. Then, the Ni-coated Cu
stack was annealed at 1050 °C for 2 h under a H, flow with a pressure
of § kPa to drive these two atomic species (Cu and Ni) completely
mixed, leading to a homogeneous CuNi alloy. The atomic proportion
of Ni here is determined by the thickness of the deposited Ni layer.

After that, the h-BN growth on the CuNi substrate was carried out
using borazane as the precursor. Borazane was located 60 cm away
from the catalytic substrate {outside the main heated area of the tube
furnace) and surrounded by a heating belt at 70—90 °C. The
temperature and pressure in the substrate region for the h-BN growth
process was 1070 °C and 50 Pa, respectively. The gas carried the
precursor molecules and deposited them on the surface of the CuNi
substrate. These seeds led to the growth of the mono/multi layer h-
BN. By tuning the growth time, we controlled the thickness of the
mulﬁla er h-BN, and longer growth times result in a thicker h-BN
layer.”” The lateral size and growth speed of the h-BN can also be
controlled by tuning the amount of Ni in the CuNi foil. In our
previous work, we observed that when the Ni atomic proportion
ranges from 10 to 20%, the h-BN grain shows the largest lateral grain
size and growth speed.

4.2. h-BN Characterization. Monolayer and multilayer h-BN
stacks were characterized on the nanoscale using a MultiMode VIII
AFM from Bruker working in the PeakForce TUNA mode.** When
the surface of the sample is scanned using this mode, a force—distance
(F—Z) curve is collected at each pixel of the image, which allows
plotting not only the topography (as in the tapping mode) but also
other magnitudes, such as adhesion and deformation forces. This
mode can also collect electrical information of the sample at each pixel
by reading (and averaging) the current flowing through the tip/sample
junction in different periods of time during the F—Z curve. The I-V
curves were collected by stopping the tip at specific locations of the

sample using the tool named Point & Shoot. When displaying the I-V
curves (Figures 4b and 7b), no average of all curves per row was
plotted because that would distort the fluctuations of the current
signal; this information is very valuable to understand charge trapping
and detrapping phenomena in the h-BN dielectric stack. In Figures 4b
and 7b, the horizontal X-axis refers to the tip voltage, whereas the
sample substrate was kept grounded (electron injection from the
substrate).

The samples were scanned using Pt-coated silicon tips from
Olympus (model AC240TM, item number 4B4035), which have a
spring constant of 2 N/m, a resonance frequency of 70 Hz, and a tip
radius of 15 nm (all nominal values). The force and deformation
values given in the Z-scale of Figure 6b,c of the main text
(respectively) should be considered as typical as they were calculated
using the nominal spring constant given by the manufacturer (which
allows variations up to +30%). All electrical measurements (both I—V
curves and current maps) were collected by injectin§ electrons from
the substrate, which avoids local anodic oxidation®" and electrode
position.*” The thickness and morphology of the h-BN stacks were
studied via cross-sectional TEM. The samples were first processed in a
focus ion beam {model HELIOS NANOLAB 4508) to extract ~40 nm
thick lamellas and then placed on a transmission electron microscope
copper grid for inspection. The transmission electron microscope tool
used was JEOL JEM-2100.

4.3. IL Gating Biasing. For the test structures under IL, the h-BN/
CuNi stack was spin-coated with §1813 photo resist at 5000 rpm for 1
min, and small circular windows of 40 ym diameter were opened by
standard photolithography to expose the surface of the h-BN (see
Figure 2a). The device was then heated at 180 °C for 2 h to cross-link
the photoresist into a stable film. On the photoresist and close to the
edge of the window, a Pd top electrode was made by thermal
evaporation. The h-BN surface was electrically connected to the top
Pd electrode using a drop of IL (DEME-BF4 with formula
CgH,oNOBF,). The electrical stresses were applied to the top IL
electrode, keeping the CuNi substrate grounded, so that comparisons
to the probe station measurements are allowed.

4.4. h-BN Device Fabrication and Characterization. The h-
BN-based devices were fabricated by evaporating 100 gm X 100 gm
top 40 nm Au/20 nm Ti electrodes on the surface of the as-grown h-
BN/CuNi sample. The CuNi substrate served as the bottom electrode,
and no annoying manual transfer process using polymers was needed.
The metal deposition was made using the PVD75 evaporator from
Kurt J. Lesker using a shadow mask with squared holes patterned via
laser (Tecan, UK). The deposition rate in the evaporator was 0.5 A
s™L The resulting Au/Ti/h-BN/CulNi devices were measured in a
Cascade TRIAX probe station connected to a Keithley 2636B
semiconductor parameter analyzer. One set of Au/Ti/h-BN/Au
devices (Figure 2h) was fabricated by transferring one h-BN stack
on an Au-coated 300 nm SiO,/Si wafer and depositing Au/Ti
electrodes on it following the same approach.

4.5. Experiments with HfO, and Al,O;. The 4 nm HfO, films
were grown on a 1 nm SiO,/n-Si substrate, and the 10 nm AL O, films
were grown on a 1 nm SiO,/p-Si substrate. The thickness of each film
was corroborated via cross-sectional TEM. Both samples were
characterized on the nanoscale using a Veeco Dimension 3100
CAFM working in the contact mode. The RVS on the HfO, films was
collected using Co—Cr-coated Si tips, and the RVS on ALOj; was
collected using Ptlr-coated Si tips. For the RVS, negative biases were
applied to the substrate while keeping the tip grounded (electron
injection from the substrate). This ensures that the hillocks observed
are not related to local anodic oxidation at the tip/sample
juncn‘.iom“'43

4.6. Experiments with SiO,. The 1 nm SiO, films were
chemically grown on p-Si substrates. The CAFM characterization
was carried out using an Omicron CAFM (model SPM 1000) working
in UHV (107° Torr), using Ptlr-coated Si tips. The samples were
heated at 120 °C for 20 min in a vacuum prechamber to remove the
rest of the moisture. Although in the previous conductive atomic force
microscopy experiments on h-BN and high-k dielectrics (carried out in
air atmosphere), local anodic oxidation and electro-deposition could
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be discarded because of the use of electron injection from the
substrate, the acquisition of conductive atomic force microscopy data
in UHV further corroborates that the hillocks observed in the
topographic maps are indeed generated during the BD event {discards
the involvement of water molecules on the sample.).43 The RVS was
collected using an Agilent 4156C connected directly to the CAFM tip,
which allows the observation of extended current range and variable
current limitations. The stress voltages were applied under negative
substrate voltages and a grounded atomic force microscope tip
(electron injection from the substrate).
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Figure S1: (left) AFM topographic map collected on the surface of a multilayer 2-BN/CuNi sample.
The steps in the CuNi substrate can be clearly distinguished. (right) Surface profile of multilayer /-
BN performed on one of the CuNi terraces. Sub-nanometer distances between maximums and
minimums along a cross section of more than 350 nm corroborate the atomically flat nature of the
h-BN stack.
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Figure S2: (left) Photograph of the #-BN/CuNi sample patterned with photoresist for ionic liquid
gating. (right) Schematic of the ionic liquid stress for the 2-BN/CuNi sample.
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Figure S3: Screen capture of the Nanoscope software showing the calculation of the density, size
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Figure S4: Statistical analyses of the size and current of the conductive spots generated via ionic
liquid and detected via CAFM (in Figure 2e of the main text).
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Figure S6: Topographic AFM maps on the surface of nSi (without native oxide) and #-BN/nSi, in
panels (a) and (b), respectively. (¢) Cross section taken from the AFM maps in (a) and (b). The
surface of the #-BN/nSi sample is a bit rougher than the one of nSi, but still atomically flat. The
transfer is successful and the samples of good quality.
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Figure S7: (a) Topographic map of the surface of the ~-BN/nSi sample before the I-V curves. (b) I-
V curves collected at several different locations of the surface of the #-BN/nSi sample. The I-V
curves show clear BD event due to the shift of the backward I-V curve towards lower potentials. It
should be highlighted that the backward I-V curve is not linear (differently from Figure 7), and the
current does not starts to increase at OV (it starts to increase at 0.5V). The reason is the different
work functions of the metal and semiconductor and the voltage drop in the semiconductor (as
described in Ref.®). (¢) Topographic map of the surface of the #-BN/nSi sample at a location on
which an I-V curve until the BD was previously triggered; that location is the same than in panel (a).
No electrical-field-driven surface extrusion (hillock formation) has been observed at any location
analyzed.
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Abstract

Hexagonal boron nitride (h-BN) is an attractive insulating material for
nanoelectronic devices due to its high reliability as dielectric and excellent
compatibility with other two dimensional (2D) materials (e.g. graphene, MoS,).
Multilayer h-BN stacks have been readily grown on Cu and Pt substrates via chemical
vapor deposition (CVD) approach, confirming its potential for wafer scale integration.
However, the growth of h-BN on other substrates needs to be also achieved in order to
expand the use of this material. Recently, the CVD growth of monolayer h-BN on Fe
substrates was reported, but it just focused on material structure characterization. Here
we present the first fabrication of electronic devices using multilayer h-BN dielectric

stacks grown on Fe foils. We fabricate and characterize resistive switching (RS)
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devices based on Ag/h-BN/Fe nanojunctions, and observe the coexistence of both
volatile and non-volatile RS depending on the electrode to which the bias is applied.
The characteristics measured agree well with those simulated via SIM?RRAM
software, and the cycle-to-cycle variability is slightly lower than that of transition

metal oxide based RS devices.

Keywords: multilayer hexagonal boron nitride, Fe substrate, resistance random

access memory, conductive filaments

MAIN TEXT

Two dimensional (2D) hexagonal boron nitride (4-BN) is an insulating
material made of boron and nitrogen atoms arranged in an sp? hexagonal lattice via
covalent bonding [1]. Initially, h-BN attracted interest due to its great compatibility
with graphene, and it was used as anti-scattering substrate in graphene field effect
transistors (GFETs) to enhance the charge carriers' mobility at the channel region [2].
Recent studies demonstrated that multilayer h-BN stacks can also be used as dielectric
in a wide range of optoelectronic devices, e.g. transistors [3], capacitors [4], sensors
[5], resistive switching (RS) devices [6-8]. Initially, most works studied thick (>20
layers) h-BN nanoflakes (diameter <2um) using experimental and prototypic
techniques, such as conductive atomic force microscopy [9] and electron beam
lithography [10]. Using these setups it was observed that one layer h-BN can block
the current in a factor 50 [10], that it holds a very high and anisotropic dielectric
strength [11], and that the BD process takes place layer-by-layer [12]. Now the

interest for h-BN stacks grown via scalable approaches, such as chemical vapor
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deposition (CVD) [13] and molecular beam epitaxy (MBE) [14], increased a lot. It is
known that h-BN stacks grown by this method contain larger amounts of defects [6]
(specially at the grain boundaries [15]), which produces that the devices reach the BD
in a softer manner. This behavior may be exploited for the fabrication of RS devices
[6-8], something that is not possible using exfoliated h-BN.

During the past two years some reports claimed the observation of RS in
metal/h-BN/metal devices. Refs. [16] and [17] reported the observation of bipolar RS
in Ag/h-BN/Cu and ITO/h-BN/graphene/Cu devices (respectively), and attributed the
switching mechanism to the migration of metal ions across the h-BN stack to form
and disrupt one/few conductive filaments. Unfortunately, the cross sectional
transmission electron microscopy (TEM) images in those reports do not show a
layered structure of the h-BN (just amorphous BN), meaning that those devices may
not hold the genuine properties of the 2D materials. Truly layered h-BN produced via
CVD approach was used in Refs. [6-7] to fabricate RS devices, which demonstrated
the coexistence of volatile and non-volatile RS —this performance was not achieved
in amorphous BN—. Ref. [18] even observed RS in monolayer h-BN combined with
Au electrodes. Despite to date h-BN based RS devices still didn't reach the endurance
of transition metal oxide (TMO) based ones [19], they may be suitable for other
applications. For example, the fabrication of electronic synapses using h-BN is
attractive because these devices require the use of both volatile and non-volatile RS to
emulate short-term and long-term plasticity operations. This is something that cannot
be done with most TMO-based RS devices, as they don't show competitive threshold
RS.

So far, RS in multilayer h-BN has been only demonstrated when using Ti and

Cu electrodes [6-7]; therefore, studying this phenomenon using different materials
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combinations is necessary to expand their applications. Here we show the growth of
h-BN on Fe substrates and the fabrication of Ag/h-BN/Fe RS devices, which exhibit
both volatile and non-volatile RS depending on the electrode to which the bias is
applied. Interestingly, the cycle-to-cycle variability observed is comparable to that of
TMO-based RS devices, and SIM*RRAM indicates that the switching mechanism is
based on the formation and rupture of conductive nanofilaments (CNF) across the
h-BN stack.

Multilayer h-BN stacks have been grown on 2 cm x 2 cm x 100 pum Fe foils
using a LPCVD furnace. The size of the samples was limited by the diameter of the
tube, but larger furnaces may allow wafer-scale growth [20]. The as-received Fe foils
were cleaned via electrochemical method. To do so, the Fe foils and a counter
electrode were immersed in a solution consisting on 940 mL acetic acid and 60 mI,
perchloric acid, and a potential difference of 30 V was applied between them for 30 s.
After that, the Fe foil was cleaned in deionized water and introduced into the CVD
tube for h-BN growth, a process that consisted in five steps: /) First, the cleaned Fe
foil was exposed to 70 sccm H; (valve 1 was opened), and the temperature was raised
from room temperature to 1100 °C in 40 min. /i) Second, the temperature was kept at
1100 °C (under 70 scem Hz) during 30 minutes for annealing/cleaning the Fe foil. 7ii)
Third, the valve controlling the amount of precursor (valve 2) was opened for 60
minutes to grow the h-BN at 1100°C. The precursor consisted on liquid borazine,
which was transported into the CVD tube using 1 sccm Hz as carrier gas. Therefore,
the Fe foil was exposed to 70 sccm Hz plus the 1 sccm H» carrying the liquid borazine.
iv) Fourth, under the same atmosphere the temperature was decreased slowly 700 °C
at a rate of ~5°C/min, a process that took 80 minutes. This step was critical for the

correct growth of h-BN when using Fe substrates, and helped to improve the
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molecular stability of the h-BN. Other attempts to grow h-BN on Fe substrates
without this step failed, and this step was not necessary to grow h-BN on Pt or Cu
substrates. v) And fifth, once it arrived to 700 °C the furnace was cooled down to
room temperature, a process that took 15 minutes.

The h-BN stacks were transferred on a 300 nm SiO2 / Si wafer for quality
inspection via optical microscopy and Raman spectroscopy (model LabRAM).
Scanning electron microscopy images (SEM, model Zeiss Merlin) of the h-BN stacks
were taken right after the growth (on the Fe substrate) and after transfer to the Si0,/Si
wafers. Some pieces of h-BN were also transferred on metallic grids for high
resolution transmission electron microscopy (TEM, model JEOL 2010) analysis. The
transfer was carried out using the electrochemical delamination method described in
Ref. [21] (often called bubble transfer). It should be noted that the transfer step was
only required to characterize the quality and thickness of the h-BN stacks, but not for
the fabrication of the devices. The Au/Ag/h-BN/Fe devices were fabricated by
patterning squared top electrodes (with sizes ranging from 100 um x 100 um down to
10 um x 10 pum) directly on the surface of the as-grown h-BN/Fe stacks (the Fe
substrate served as bottom electrode). The top electrodes consisted on 20 nm Ag and
60 nm Au, and they were deposited using a thermal evaporator (model Inficon
SQM-160) and a laser-patterned shadow mask. The Au/Ag/h-BN/Fe devices were
tested using a Summit 11000 AP probe station connected to a Keithley 707B
semiconductor parameter analyzer. The electrical stresses were applied to the top Ag
electrode, keeping the Fe substrate grounded.

Figure 1a shows the top view SEM image of an as-grown #-BN/Fe stack. The
successful growth of a continuous h-BN sheet on the Fe foil is confirmed by the

observation of wrinkles (network of white lines) [22]. The cross sectional TEM
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images (see Figure 1b) reveal excellent layered structure, and the number of h-BN
layers is ~15. By collecting more than 9 TEM images with sub-nanometer resolution
we detected that the h-BN stacks contain some local defects within the layered
structure (see highlighted area in Figure 1b and the schematic in Figure 1c). Local
defects in the h-BN are typically related to lattice distortions (pentagonal/heptagonal
bonding) [15], boron vacancies [23], and interstitial atoms and bonding between the
layers [6]. In our samples, the defective locations are typically <lnm wide, and they
are separated from each other by distances of ~100 nm, representing <1% of the total
area of the h-BN stack. Previous works using CVD-grown h-BN just claimed perfect
layered structure everywhere, which is not realistic; they ignored the size, density and
effect of these defects in the h-BN stacks. Despite the presence of some local defects,
the Raman spectra show a peak at ~1367 cm™ (see Figure 1d), further indicating that
the multilayer h-BN stacks are of high quality [24]. Figure le shows the top view
SEM image where the different device sizes can be distinguished. In total, more than
20 devices have been characterized.

Figure 2a shows the current vs. voltage (I-V) sweeps collected on a 25 um x
25 um Au/Ag/h-BN/Fe device, which exhibits stable bipolar RS during more than 150
cycles. The first cycle is highlighted in red, and the next 149 in grey. Plotting the data
in this way gives us an idea about cycle-to-cycle (temporal) variability. At around
-1.3 V the plot shows a sudden current increase until reaching the current limitation,
which was applied in order to limit the size of the dielectric breakdown (BD) spot.
When the polarity of the I-V sweep is inverted, the current signal drops progressively,
reaching the initial values. The sudden set indicates that the RS is governed by the
formation of one/few/several CNFs across the h-BN stack [25] (ie. it is not a

distributed effect [26]). Interestingly, the Auw/Ag/h-BN/Fe devices didn't require the
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use of large voltages to reach the initial BD (also called forming step); this is a clear
advantage compared to other transition metal oxides (TMO) based RS devices, such
as HfO, [27], TiO; [28], Al2Os [29]). In these materials forming-free RS can be also
achieved, but that requires the implantation of atomic species [30], which represents
an additional (complex and expensive) processing step. In the case of h-BN this
process is not necessary, and as-grown devices exhibit forming-free RS (Figure 2a).
The reason should be the presence of some local defects in the structure of the h-BN
stack (see Figures 1b and 1c), which act as weak spots promoting current flow across
the devices at low potentials. In fact, the presence of local defects in the h-BN stack
may be necessary for the switching of the devices, as RS has never been demonstrated
in exfoliated h-BN samples (which contain few/no lattice defects). Furthermore, it is
known that the presence of defects in dielectrics is an important factor enabling RS, as
they allow softer BD and the formation of narrower CNFs at lower potentials, which
can be easily disrupted. If the dielectric material contains no defects, normally RS
evolves towards an irreversible BD spot, and in the case of defect-free exfoliated
h-BN even dramatic material removal (formation of a hole) has been observed [12].
The very progressive reset suggests the presence of several filaments within
the device (across the h-BN stack), and also that the switching mechanism takes place
by the diffusion of atomic species due to the electric field —reset process related to
self-accelerated thermal diffusion of the atoms by Joule effect is discarded because
that would produce a very sharp reset process [31]—. This hypothesis has been
corroborated in Figure 2b, which shows that the reset process (size of the CNF) can be
tuned by selecting the end voltage of the reset (positive) I-V sweep. Another
observation supporting that the RS is driven by few/several CNFs is the reduction of

the set and reset voltages (Vser and VReser, respectively) for larger devices (see
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Figure 2¢).

The I-V sweeps in LRS have been simulated using the macroscopic
SIM?’RRAM software described in Ref. [32]. In brief, this tool works following a
multi-filamentary model, i.e. the insulator is crossed by one or several CNFs
electrically coupled. These CNFs are described as nanowires that connect the top and
bottom electrodes [33]. For the physical description, this model takes into account its
macroscopic electrical and thermal properties such as thermal and electrical
conductivity, and heat dissipation rate between the CNF and the insulator (see Ref.
[34] for an accurate model description). The conduction across these CNFs is
modeled in this case as Ohmic conduction but the resistance of the CNFs depends on
their shape and temperature [35]. Finally, the dissolution of the CNF, i.e. its shape
variation of the CNF is modeled following the thermal diffusion rules of the ions [34].
The calculations can fit very well the experimental I-V sweeps (see Figure 3a). We
carried out a linear regression for all reset I-V curves in the voltage range of 0 V ~ 0.6
V, and obtained an average quadratic linear correlation coefficient <R*> = 0.98 (see
Figures 3b and 3c¢). This behavior could be modeled as Ohmic conduction, suggesting
that the CNFs across the h-BN stack are metallic.

As negative voltage is applied to the Ag top electrode during the set process
(see Figure 2a), most probably positive Fe* ions from the substrate may be dragged
into the h-BN stack by the electrical field, forming the CNFs. During the positive I-V
sweep the Fe' ions diffuse back, disrupting the CNFs and resetting the device. This
hypothesis has been analyzed by inducing the set process using a positive ramp (see
Figure 4). As it can be observed, the positive Vser (0.25 V to 0.42 V) in Figure 4 is
much smaller than the negative Vsgr (-1.3 V) in Figure 2a. Moreover, the CNF seems

to be unstable, and it gets self-disrupted when the bias is switched off (at around
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-0.05V in Figure 4), leading to volatile (threshold type) RS. The different set
behaviors when using positive and negative set processes are related to the different
top electrodes used [36]. In this case, when the set is induced by applying positive
biases in the Ag electrode, Agt ions penetrate into the h-BN stack. Given the larger
diffusivity of Ag+ ions [36] (compared to the Fe* ones), the CNF is formed faster (i.e.
at a lower potentials), reducing Vsgr. Moreover, as demonstrated in Ref. [37], CNFs
made of silver inside dielectrics can self-disrupt, leading to the characteristic
volatile/threshold RS mechanism displayed in Figure 4. Therefore, the switching
mechanism in these devices should be by metal penetration, although severe B
migration should not be discarded [6, 23]. The observation of both threshold and
bipolar RS in the same RS device may be interesting for the implementation of both
short-term and long-term plasticity learning rules in RS based electronic synapses
[38].

Finally, we analyze one of the most recognized problems of RS devices:
variability. It is very striking that the cycle-to-cycle variability of our Au/Ag/h-BN/Fe
devices (fabricated in a university lab) is comparable to that of encapsulated
TMO-based RS devices fabricated using industrial procedures [39, 40]. The statistical
analyses of the set and reset voltages for the device shown in Figure 2a are displayed
in the form of a histogram (Figure 5a) and Weibull distribution (Figure 5¢). Similar
statistical analyses for the set and reset currents (Isgr and Ireser respectively) are
shown in Figures 5b and 5d. We defined Vreser as the first voltage after the maximum
current (Imax) at which the current is 0.7 x Imax or lower [41]. Vser and Vreser show
an acceptable dispersion which follow the Weibull distribution, and the gap between
them is well determined and stable, allowing to control the RS process with enough

accuracy. On the other hand, IseT and Ireser show a clear overlap; tor this reason, this
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parameter is useless to define and/or control the RS process.

In conclusion, large-area multilayer #-BN (~18 layers) has been synthesized
on Fe substrates via CVD method, and matrixes of Au/Ag/A-BN/Fe RS devices have
been fabricated. The RS mechanism is related to the formation/disruption of metallic
CNFs across the h-BN stack, although the formation of B vacancies should not be
discarded. The devices exhibit non-volatile bipolar RS when the CNFs is formed by
applying negative bias to the Ag electrode (penetration of Fe* ions into the h-BN), and
volatile threshold RS when the CNFs are formed by applying the positive bias to the
Ag electrode (penetration of Ag" ions into the h-BN). These conclusions are also
supported by modeling using SIM?RRAM software. The set/reset voltages depend on
the device size, and the cycle-to-cycle variability is comparable (if not smaller) than

that of TMO-based RS devices.
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Figure 1. Characterization of CVD grown multilayer #-BN on Fe substrate and
devices with the structure of Ag/h-BN/Fe. (a) Top view SEM and (b) TEM images of
multilayer as-grown and transferred 4#-BN films, respectively. (¢) Three-dimensional
(3D) simulation of Ag/h-BN/Au. Graph (d) is the Raman spectrum of #-BN. (d) SEM

image of Ag/h-BN/Fe with different sizes.
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Figure 2. (a) Current vs. voltage (I-V) sweeps (>150 cycles) collected on a 25 pm x
25 um Auw/Ag/h-BN/Fe device, the red curve is the first cycle. (b) Reset (positive) -V

sweep is obtained by different end voltages. (¢) Set and reset voltages are collected by

different sizes of devices.
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Figure 3. (a) I-V sweeps under low resistance state (LRS) are simulated by the
macroscopic SIM’RRAM software, the calculations (dashed line) can fit very well the
experimental (solid lines) I-V sweeps. (b,c) Linear regression for all reset I-V curves

in the voltage range of 0V-0.6V, the average quadratic linear correlation coefficient

shows <R%>=0.98.
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Figure 4. I-V sweeps (set process) indicate that the volatile (threshold type) resistance

switching behavior is induced using a positive ramp.
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Figure 5. Statistical analysis of both set and reset process based on the Weibull

distribution, including set/reset voltage (a, ¢) and current (b, d).
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Chapter 4.
On the use of h-BN and other 2D materials in

memristors

In Chapter 3 the fabrication of Au/Ag/h-BN/Fe memristors with very attractive
performances has been described. The development of memristors using 2D materials is
a strategy that has recently gained a lot of interest [76-78], as they may enhance some
RS performances and provide flexibility and transparency capabilities. However, the
integration of 2D materials in the structure of a memristor is not an easy task, and it
brings associated several challenges [79]. Moreover, introducing a 2D materials in the
structure of a memristor does not necessarily improves its performance, and we have
detected some reports in which the real usefulness of the 2D material in the device is
highly questionable. In this chapter we review the fabrication of memristors using 2D

materials and summarize their most remarkable performances.
4.1. Fabrication of memristors using 2D materials

The integration of 2D materials in memristive devices is complex because their
synthesis and deposition methods are remarkably different than those used in the
microelectronics industry. As mentioned in Chapter 3, the scalable synthesis method
that produces the best quality so far is CVD. However, the temperatures used during the
growth are too high (>1000 <€). If graphene or h-BN would be grown on wafers

patterned with devices, the high temperatures would unavoidably damage all the devices
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due to severe atomic migration. Therefore, a transfer process is necessary in order to
integrate the 2D material on the patterned wafers.

Different processes have been developed to transfer 2D materials on arbitrary
substrates, such as dry transfer [50], wet transfer assisted by different solid scaffolds
(like poly(methyl methacrylate) [PMMA], perfluoropolymer-hyflon or rubber film) [49,
80], roll-to-roll transfer [81], and face-to-face transfer [82], among others [83]. Among
them, wet transfer and electro-chemical transfer are the two most widely used. Wet
transfer method uses a polymer (PMMA) coated on the h-BN (or any other 2D material)
as solid support, and then etches away the bottom metallic substrate. Then the
polymer/h-BN is fished using the arbitrary substrate and the polymer support is etched
away. Electrochemical method (also called bubble method) allows recycling the
metallic substrate, and it is often used to transfer the h-BN grown on noble metals.
Another possibility to integrate the 2D materials in memristors is to use LPE 2D
materials spin coated on the wafers, but that may bring associated other problems, such
as incontrollable thickness fluctuations that may lead to large device-to-device
variability, and even uncovered areas or pinholes that reduce the yield (e.g. many
devices would be initially shorted).

Another recognized problem is that graphene forms a bad interface with TMO
materials, which in many cases are required to build the memristor. For example, Ref.
[6] shows that, due to the absence of dangling bonds in graphene, TMOs cannot be
directly deposited on it using standard methods, such as atomic layer deposition (ALD).
After that, several reports claimed that this problem does not takes place on the surface
of MoS> [85-87], and therefore it was believed that the mechanism for TMO growth by
ALD on MoS; was different than that on graphene. However, Ref. [7] proved all them

wrong by using an in situ characterization. Using that setup it was observed that HfO>
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aggregates at the local defects of the MoS, leading to a multi-island pattern instead a
conformal coating with uniform thickness (i.e. similar to what happens on graphene).
Ref. [7] demonstrated that the samples in Ref. [86] may have been exposed to
contamination and for that reason the HfO> film could have been grown due to the

presence of dangling bonds in the moisture on the MoS..

4.2. Status and best performances of 2D materials based memristors

The main application of memristors is as non-volatile memories (NVM) for
information storage, and the companies in that field (e.g. Intel, Samsung, Micron) have
been the main players boosting its research. According to the International Technology
Roadmap of Semiconductor (ITRS) [54], the preformance requirements for any NVM
technology are: small operating voltages (< 1 V), low power consumption (~ 10 pJ per
transition), high operation speed or switching time (< 10 ns per transition), high
endurance (more than 10° cycles), long data retention time (> 10 years), small MIM cell
sizes (< 600 nm?) and high ON/OFF current ratio (Ion/lorr > 10°).

Different 2D materials can be used to carry out different functions in memristive
devices. Generally, graphene has been used as top or bottom electrode to provide
flexibility and transparency [88], and as interface layer between the metallic electrodes
and the RS medium to avoid atomic diffusions, resulting in an effective decrease of the
cycle-to-cycle variability [89]. Moreover, the high out-of-plane contact resistance of
graphene also contributes to reduce the power consumption [90]. Other insulating 2D
materials, like GO, h-BN and black phosphorous (BP), can serve as active RS medium
to induce the RS either by migration of intrinsic species or by penetration of metallic
ions from adjacent electrodes [1]. The best performances reported so far for 2D

materials based memristors are summarized in Table 4.1.
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Table 4.1. Best performances reported for 2D materials based RS devices. Reproduced
with permission from Ref [1], copyright Wiley-VCH 2017. The column Ref. applies to
the research article where the table was extracted (i.e. Ref. [1])

Parameter

Technology
requirements

2D materials based RS devices

Best performances Device structure Ref.
~-06V ITO/GO/Ag 91
Operating voltages <1V ~04V Ti/h-BN/Cu 18
~07V Al/GO/AI 92
Power consumption | ~ 10 pJ/transition ~ 100 pwW Gr/TiOX/AlLOs/TiOL/Gr 93
10 ns (set) / 1 ns (reset) W/ta-C/W 94
Switching times < 10 ns/transition | 5ns (set) /5 ns (reset) Pt/RGO-th/Pt 95
<10s PEN/Ti/Pt/GO/Ti/Pt 96
2 x10% cycles @ 75C Wi/ta-C/W 94
108 cycles Al/PFCF/RGO/ITO 97
Endurance >10° cycles

103 cycles Ag/MoS,/Ag 98
> 650 cycles Ti/h-BN/Cu 18
Data retention >10 years > 107 s (115 days) Al/GO/ITO 99
MIM cell Size 576 nm? 8.5 nm? Pt/ta-C/C-AFM tip 100
~10° Ag/ZrO,/SLG/Pt 101

lon/lore ratio 106
> 106 Ti/h-BN/Cu 18

As it can be observed, 2D materials based memristors still do not fit the

technological requirements for being used a NVM. RS devices using traditional metals

and oxides have been investigated for already 50 years; however, 2D materials based

memristors have been studied for less than 10 years. Therefore, any comparison at this

stage is unfair. However, the introduction of 2D materials in the structure of memristors

has already enabled several interesting functionalities that would be impossible without

them. For example, graphne/SiO2/graphene devices showed a transparency >92%, and

achieved stable RS even after >10° bending stresses uner a radius as small as few
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nanometers [88]. Another example is the coexistence of bipolar and threshold type RS
in a single device (see Article 5), which is something very complex that can only be
achieved in very specific TMO/metal structures [90,102-103]. In the incoming years
more studies should be carried out to determine if 2D materials based memristors could
be used as NVM. However, if the high performances of NVMs are not achieved, may
still be they may be used in other RS applications, such as playing the role of electronic
synapses in aartificial neural networks, as the technological needs in terms of endurance,
switching speed, retention, and current ON/OFF window, are more relaxed and the
dynamic changes on the RS play a more important role. Article 6 summarizes the state-
of-the-art on 2D materials based memristors for their use as NVM, and discusses their

prospects and main challenges.
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Graphene and Related Materials for Resistive Random

Access Memories

Fei Hui, Enric Grustan-Gutierrez, Shibing Long, Qi Liu, Anna K. Ott, Andrea C. Ferrari,

and Mario Lanza*

Graphene and related materials (GRMs} are promising candidates for

the fabrication of resistive random access memories (RRAMs). Here, this
emerging field is analyzed, classified, and evaluated, and the performance of
a number of RRAM prototypes using GRMs is summatized. Graphene oxide,
amorphous carbon films, transition metal dichalcogenides, hexagonal boron
nitride and black phosphorous can be used as resistive switching media,

in which the switching can be governed either by the migration of intrinsic
species or penetration of metallic ions from adjacent layers. Graphene can

be used as an electrode to provide flexibility and transparency, as well as an
interface layer between the electrode and dielectric to block atomic diffusion,
reduce power consumption, suppress surface effects, limit the number of
conductive filaments in the dielectric, and improve device integration. GRM-
based RRAMs fit some non-volatile memory technological requirements, such
as low operating voltages (<1V) and switching times (<10 ns}, but others, like
retention >10 years, endurance >10° cycles and power consumption ~10 p)
per transition still remain a challenge. More technology-oriented studies
including reliability and variability analyses may lead to the development of
GRMs-based RRAMSs with realistic possibilities of commercialization.

memories (NVMs) are essential elements
in most modern electronic devices and
integrated circuits, ag they allow storing
enormous amounts of data (5.62 X
10" bits cm?)? in a fast (<ns bit )P
and cheap (=0.019 $ GB™)¥ way. For this
reason, it is estimated that the memory
market reached 47 billion USD in 2016.5!
To date, the most used NVM device is the
NAND Flash.l%l It stores one bit of infor-
mation in a capacitor (integrated in the
floating gate of a field-effect transistor,
FET).l8 The charge/discharge of the capac-
itor can be used to simulate the ones/zeros
of the binary code, therefore storing infor-
mation. Over the past 25 years techno-
logical advances have been linked to the
scaling down of the NAND Flash memory,
a process that improved its size (from 2 pm
node in 1980 to 7 nm in 2015),” switching
speed (from 1MB st in 1985 to 10GB s7!
in 2012)® and cost (from 437,500 $§ GB™

1. Introduction

The technology-driven development during the past half-cen-
tury hag been possible thanks to the creation of new electronic
devices (computers, smart phones, vehicles, medical equip-
ment), which allow for the performance of multiple complex
operations (calculations, interpolations, statistics), leading
to the appearance of new services (email, global positioning
system (GPS), data mining) that create new jobs.!l Non-volatile
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in 1980 to 0.019 $ GB™! in 2016).1Y As the

size approaches the nanometer range,
leakage currents in the capacitor become prohibitive, leading
to severe information loss.[*10 Therefore, in order to continue
the growth of information storage, new devices using non-
capacitive working principles need to be developed.

According to the International Technology Roadmap for
Semiconductors (ITRS),?! the performance requirements
for any NVM technology are (see Table 1): i) low operating
voltages (<1V); ii) low power consumption (=10 pJ per state
transition); iii) high operation speed (<10 ns per transition);
iv) high endurance >10° cycles (this is defined as the number
of times a NVM can be switched on/off before one of the states
becomes irreversible);?! v) long state retention time >10 years
(>3 % 10% s; this is defined as the time before the state is lost, i.e.
a state change without the application of any electrical stress);?!
vi) small size below 600 nm? (this refers to the cell that stores
1 bit of information, not the whole NVM); vii) good integra-
tion, with a capacity density larger than 10 bits cm™; and
viii) simple structure, which usually brings associated low fab-
rication costs. Several new memory concepts are being devel-
oped to achieve these targets!? including dynamic RAM
(DRAM),'41 ferroelectric RAM (FRAM),'*4 phase change
RAM (PCRAM) 518 magnetoresistive RAM (MRAM),[17:18]
resistive RAM (RRAM),[**2?l carbon nanotube (CNT) RAM 2324
spin transfer torque magnetic RAM (STTM-RAM) P58

© 2017 WILEY-VCH Verlag GrmbH & Co. KGaA, Weinheim

-107 -




Article 6

ADVANCED
SCIENCE NEWS

ADVANCED

www.advancedsciencenews.com

molecular memories,*”-? and Mott memories.***% A compar-
ative review of the different technologies being considered for
future information storage can be found in Ref. [1]. Until now
RRAMs have shown the most advanced performance (see Table
1).23133

The RRAM is a simple and industry-compatible structure
formed by a matrix of metal/insulator/metal (MIM) junc-
tions,* in which the sandwiched dielectric enables reversible
electrical resistance changes (see Figure 1). This phenomenon,
called resistive switching (RS),*l can be used to induce two
logic states: the high resistance state (HRS) and the low resist-
ance state (LRS).1*”! Cyclic transitions between these two states
can also be used to simulate the ones and zeros of binary code,
without need for a capacitor, making the storage of digital infor-
mation possible.*® Before stable cycling between HRS and LRS
can be achieved (e.g., 50 electrical pulses applied to a MIM cell
produce 50 state changes without resistance mismatch), most
RRAMSs require a one-time activation process called forming.!*!!
This is defined as the first generation of a reversible dielectric
breakdown (BD) in the insulator?) The RS phenomenon can
be classified as: i) unipolar/bipolar if the electrical stresses that
produce the state change are of the same/opposed polarity;*!
or ii) local/distributed if the atomic rearrangements that pro-
duce the state change take place at few/most locations within
the area under stress.!**-3#!

State of the art RRAMSs use transition metal oxides (TMOs)
as insulators, including HfO,,* 42 ALO;,**¢] TiO,*7 5 and
TaOy.*152 In these cells, RS is related to the formation and
dissolution of a nanosized conductive filament (CF) across the
insulator,** leading to an effective connection/separation of
the two electrodes. In this case RS is a local phenomenon. The
physical mechanisms inducing the formation/dissolution of
the CF depend on the materials that compose the MIM cell (not
only the insulator, but also the metal),**l and it is thought that
mainly two phenomena are predominant.** The first is the
movement of oxygen vacancies in the TMO as a consequence of
the applied field, leaving behind an oxygen-free metallic path.[>'l
These devices have been called valence change memories
(VCM)P! and/or redox random access memory (ReRAM).1>!
The second is the generation of a CF made of metallic ions
from the adjacent electrodes, which can penetrate into the die-
lectric when the MIM structure is polarized.””l These devices
are called electrochemical metallization (ECM) memories,>"!
programmable metallization cells (PMC)*® and/or conductive
bridge random access memories (CBRAM),*”l even though all
these names refer to the same structure.

Over the past decade many RRAM prototypes with different
characteristics have been reported.* > Amongst them, the
most remarkable performances are: i) ultrafast (<20 ns) logic
state transitions;?1#2444560] the reset (LRS-to-HRS transition)
process is usually much slower (60 ns) than the set (HRS-to-
LRS transition) one.l®®? Ref. [32] achieved sub-nanosecond
(300 ps) set/reset transitions in HfOy-based RRAMs. ii) Energy
consumption per state transition down to 0.1 pJ,**#4 lower than
that of other technologies, such as PCRAM® and MRAM.*"!
iii) Long cycling endurance up to 10'? cycles. Ref. [33] achieved
10" cycles using Ta,O5 x/Ta0, x bilayer structures coupled with
Pt electrodes. iv) Long data retention./®l Ref. [65] indicated that
RRAMs can retain a resistive state even at high temperatures
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(up to 200 °C). v) As the switching takes place through nano-
sale CFs, ) the area of the cell is just limited by the area of
the CF (typically tens of nanometers).*!! For example, Ref. [31]
reported a 10 nm x 10 nm TiN/Hf/HfOy/TiN RRAM with
fast ns-range on/off switching times at low voltage below 3V,
switching energy <0.1 pJ bit !, excellent endurance >5 x 107
cycles, current on/off ratios (Ion/Iore) >50. The devices also
showed 30 h retention at 200 °C. RS has been observed in even
smaller areas (=10 nm?) using the tip of a conductive atomic
force microscope (CAFM).I®! vi) Simple fabrication process,
as the structure basically consists of a capacitor. The materials
that form the RRAM have been used in complementary metal
oxide semiconductor (CMOS) technology for years. This favors
their three dimensional integration.|®®l RRAMs have also shown
potential for multi-bit storage per unit cell,***’! highly desired
for future NVM technologies.!?)

All these factors, summarized in Table 1, have been observed
in RRAMs made of different materials (e.g. TaOx provides the
highest endurance, HfOx the fastest transitions and lowest
power consumption), but no single RRAM has yet shown
all NVM technology requirements simultaneously.?/ The
most critical tradeoffs are speed-retention, power—speed and
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Table 1. Technology requirements for RRAM according to ITRSI? compared to the best performances reported for TMO-based and GRMs-based
RRAM. Ion/lorr is not strictly a technology requirement, but it is a reference parameter usually quoted in RRAM literature.

Parameter

Technology
requirements

TMOs based
RRAMs

GRMs based

RRA

Ms

Best performance Device structure Ref. Best performance Device structure Ref.

Operating voltages <1V 0.3V Ti/HfO,/TiN [41] =-0.6V ITO/GO/Ag [251]

(ARY P/Ni/ALO, /SIO,/Si [43] ~0.4V Tifh-BN/Cu [163]

~0.2V (set)/0.5 V (reset) Pt/TiO, /Pt ) ~0.7V AlJGOJAl 253]

Power consumption =10 p)/transition 0.1 pJ per transition TiN/Hf/HfO/TIN [31] =100 pW Gr/TiOx/ALO; fTiOy/Gr  [185]
0.1-7 p) per transition AlfTifAl 0 /s-CNT [44] - - -

Switching times <10 nsftransition 300 ps TiN/TiOy/HfOx/TIN [32] 10 ns (set)/1 ns (reset) W fta-C/W [286]

<10 ns AlfTifALO, fs-CNT [44] 5 ns (set)/5 ns (reset) Pt/RGO-th/Pt [273]

~ ns level CufALO;/aSi/Ta [45] <10s PEN/Ti/P/GO/Ti/Pt  [280]

Endurance >10° cycles 10" cycles Pt/Ta;Os y/Ta O, /Pt [33] 2% 10" cycles @ 75 °C Wfta-CfW [286]

5% 107 gycles Pt/TaOy/Pt [364] 10% cycles AlfPFCF/RGO/ITO [351)

=102 cycles Ta/TaOy/TiO,/Ti n 10° gycles Ag/MoS,/Ag [316]

10" cycles Pt/TaOy/Ta [346] >650 cycles Ti/h-BN/Cu [163]
10" cycles W/AIO/TaOy/ZrOy/Ru [347] - - -

Data retention >10 years >10 years @ 85 °C Pt/AlL O, JHIO,/ALO;/TIN/SI  [46] >107 s (115 days) AlJGOJITO [249]
>10 years @ 85 °C Pt/TaOx/Pt [364] - - -

MIM cell Size 576 nm? 5 nm? TaN/TiN/Zr/HFQ,/CAFM tip  [296] 8.5 nm? Pt/ta-C/C-AFM tip [296)
10 nm x 10 nm TiN/HFfHFOW/TiN B31] - . _

fonflor ratio 106 3% 108 Ni/GeO/STO/TaN (348] ~10° Ag/ZrO,/SLG /Pt [349]

2x10° Pt/Gd,0,/Pt [350] >10° Tifh-BN/Cu [163]

endurance—retention.!! Crossbar Incl®! claimed the develop-
ment of RRAMs covering all these capabilities, but no details
about the composition of the core cell have been revealed to
date. ITRL®S NEC/® and Fujitsul™ have also announced
similar devices, with no commercial device yet available. Pana-
sonic hag commercialized the MN101L RRAM Embedded 8-bit
microcontroller unit,”! Adesto is distributing their Mavriq 45
nm CBRAM,/”! and Nantero developed a RRAM memory using
MIM cells integrated on CNTs, but their use is still limited to
few applications (mainly sensors).”) More information about
commercial RRAMs can be found in Ref. [1].

Despite these developments, reliability issues (endurance,
retention) and variability (cycle-to-cycle and device-to-device)
of essential parameters like set/reset voltages (among others),
ag well ag the understanding of failure mechanisms are still
hindering large-scale RRAM manufacturing.['? Therefore, the
reproducibility and uniformity of RS in RRAMs still remains
an area of active regearch, with the need to optimize the mate-
rialg that form MIM cells.

One promiging approach consists of replacing the metallic
and/or insulating films of the MIM structures with novel mate-
rialg with enhanced capabilities which, at the same time, could
provide new features to the devices, such as trangparency and
flexibility.7#75] Along these lines, graphene and related mate-
rials (GRMs) are at the centre of an ever-increasing research
area due to their unique electronic,”® physical ””! chemical,”*!
mechanical ¥ optical®¥  magnetic®!  and  thermal®
properties.®¥] The term GRMs encompasses graphene, gra-
phene oxide (GO), transition metal dichalcogenides (TMDs),
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hexagonal boron nitride (h-BN), black phosphorous (BP) and
any other layered material (LM). Furthermore, a variety of thin
carbon films have been considered for the implementation of
RRAMSs, ranging from sp? rich amorphous carbons (a-C) 547!
to sp? rich tetrahedral amorphous carbons (ta-C).[888%

Here we review the use of GRMs to build RRAMs, we
describe the fabrication process of RRAM devices using GRMs
(Section 2), the advantages of using graphene as top/bottom
electrode (Section 3), the performance achieved using graphene
oxides (Section 4) and amorphous carbons (Section 5), as well ag
recent observations of RS in other IMs, including TMDs, h-BN
and BP, among others (Section 6). The status and prospects of
GRM-based RRAM technology are discussed in Section 7.

2. Fabrication of RRAMs using GRMs

A detailed description of the different approaches for the
preparation of GRMs can be found elsewhere.#***l The aim
of this section is to emphasize the methods used to imple-
ment GRM-based RRAMS, with special emphasis on those that
are scalable. We also include practical information for device
integration.

2.1. Device Architecture
Different device architectureg to achieve NVM using GRMs

have been suggested. The first used a NVM configuration based
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Figure 1. Current-voltage characteristics of ECM/CBRAM cell with schematic of the physical processes. Reproduced with permission 2!l Copyright

2014, John Wiley and Sons.

on graphene FETs (GFETS), such as floating gate and charge-
trap memories.”* RRAMs based on redox-switchable func-
tionalized graphene nanoribbons,'™ stripes of thin (<10 nm)
graphitic material grown by chemical vapor deposition (CVD)/°!
and graphene/metal contacts!'’? have also been proposed.

The first reports using GRMs in MIM-like RRAMs did not use
the vertical MIM structure, but planar configurations containing
a transversal insulating nanogap!'’' 'l (see Figure 2a and b).

a Horizontal MGIGM
Nanogap

e Vertical MGIM

Ref. [103] fabricated a planar device with two electrodes con-
nected by a single layer graphene (SLG) placed on a 300 nm
Si0,/Si substrate by micromechanical exfoliation (MC), very sim-
ilar to a single back-gated GFET'I By applying between 2.5 and
4V, the breakdown of the SLG channel (physical fracture) was
induced.!""*! By applying a reverse bias from 0.1 up to 5 V, repro-
ducible transitions between HRS and LRS could be observed.
Ref. [104] improved this performance using 5-10-nm-thick

Vertical GIG

b Vertical MIM e

f Vertical MGIGM g

Figure 2. Device structures proposed in GRMs-based RRAM technology. M indicates metal, | indicates insulator, and G indicates GRM. The electric

field in (b—g) is always applied between top and bottom layers.
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films of graphitic material (consisting of discontinuous gra-
phene sheets grown by CVD) and reported bistability in current
vs. voltage (I-V) curves with Ion/Iopr up to 107 and switching
times as fast as 1 us. Ref. [105] further enhanced the capabilities
of planar bilayer graphene (BLG) switching devices by coating a
10-nm layer of conducting 3-aminopropyltriethoxysilane (APTES)
molecules over the surface of the ingulating region (SiOy). Never-
theless, the difficulty in controlling the size of the nanogap!'*+-1%¢l
and the likely large device-to-device variability (statistical informa-
tion was not reported), made most works concentrate on the ver-
tical MIM-like RRAMs (such as those shown in Figure 2b), which
is by far the most widespread and competitive device architecture
developed thus far for RS-based NVMs, [107-112]

The core cell of state-of-the-art RRAMs consists of a matrix of
vertically aligned MIM structures®*39 (see Figure 2b). These can
be fabricated by sequentially depositing each material on a desired
substrate, using standard industrial processes such as atomic
layer deposition (ALD),"3 sputtering®”’! and/or electron-beam
evaporation.""™ GRMs can be used in multiple parts of RRAMSs
(see Figure 2¢): i) replacing one/all layers in the MIM structure,
leading to alternative configurations such as, for example, gra-
phene/insulator/graphene (GIG) or metal /h-BN/metal structures;
and ii) introducing one/few additional GRM layer/s within the
standard MIM cell, leading to MGIM, MIGM, MGIGM, GMIM,
MIMG and GMIMG (where G denotes a generic GRM). Another
possible configuration is the MIGIM structure, in which the
GRM is used for charge trapping purposes!!*>11 (see Figure 2g).
In all cases, the goal is to improve the NVM performance (i.e.
switching speed, retention time, endurance, power consumption)
ag well as to exploit some of the distinctive properties of the GRM
(i.e. transparency” and flexibility;”*! enhanced thermal heat
dissipation, "7 and chemical stability have been achieved using
GRMs in other devices like FETs,'® meaning that these proper-
ties may be also achieved in RRAMS).

2.2. Insertion of GRMs in the RRAM Structure

The main challenge associated with the fabrication of vertical
RRAMSs using GRMs is that the GRM cannot be introduced in the
MIM structure uging conventional fabrication tools. A large por
tion of the reports on GRMs used non-scalable techniques, such as
micromechanical exfoliation (MC)."'%™% MC can produce flakes
with a very low number of defects, 21 22] but this is not yet indus-
trially scalable. This strongly limits its application in RRAMs, and
only allows RS studies using local techniques, such ag CAFM.[23]
Industrially scalable GRM production methodologies,®3! such as
liquid phase exfoliation (LPE)*9%14l and VD15 are now avail-
able, and are the most used for the fabrication of RRAMg.[126-229

LPE gives GRMs flakes of different sizes and thicknesses
(typically below 1-um diameter and 1-20 layers thick).53%124.130]
They have been introduced in RRAMs by drop casting,™! spin
coating ¥ or ink-jet printing™3 which leads to 15-500-nm-
thick films.?6-2 LPE is cheap and scalable,®™ but the rough
surface of the samples obtained by this method (typically
RMS > 20 nm)*¥ may be an important source of variability,135-1%7)
which is one of the main concerns of RRAM technology!! The
lack of variability analyses in all LPE-based-RRAM reports pub-
lished to datel***#!l indicates the need for further studies.
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CVD is the technology most widely used to produce GRMg
for electronic devices, as it allows wafer-scale production.®!
GRMs can be grown by CVD on different substrates. In the
case of SLG, metals with low carbon solubility (such as Cu, Ir,
Co, Nij are necessary!*?-*4 Some reported direct CVD growth
on SiOZA[1457147] For MOSZ![MSflSZ] Tisz’[ﬁ}] T&SZ,{IM] WSZ’[lssl
MoSe, 156157 and WSe,!'%¥l direct CVD growth on insulating
substrates like Si0, and Al,O; is preferred because their lattice
constants offer a good match to that of the GRM.[#8-158 CVD
growth of h-BN was also reported on Cu1,[15% Fe 180 and Pt.[161]
Ref. [162] reported the CVD growth of BP on Si using a red
phosphorous powder source.

When working with insulating GRMs (such as h-BN)
grown by CVD, the metallic substrate can be used as bottom
electrode.1%3 This facilitates the fabrication of RRAMs, and
the top electrode can be then deposited by photolithography
or shadow mask, plus metal evaporation. However, the under-
lying metal can have large roughness (RMS = 30 nm)'¢4 due
to the polycrystallization suffered during the CVD growth at
high temperatures, usually not below 800 °C.[1#2-144.148-152]
Therefore, the growth of ingulating GRMs on ultra-flat metal-
coated wafers is of utmost importance to avoid roughness-
induced variability, as well as to offer better integration with
industry. In general, the thermal budget may be an issue
for the fabrication of GRM-based RRAMs. On the contrary,
when working with conductive GRMs (such as graphene),
the metallic substrate ugsed during CVD growth ig a burden
for RRAM fabrication, because sometimes the presence of
GRMs is required on substrates not favorable for their CVD
growth, e.g. HfO, and other TM0s.'%! One approach is to
transfer GRMs onto the desired substrate using polymer
gcaffolds, polymethyl mechacrylate (PMMA) being the most
commonly used.’*90165-167 The problems associated with
this technique are: i) physical breakdown of GRMs,[16516%
producing cracks, which may locally alter the properties of
the devices.'®71 For example, a MGIM device in which
the GRM contains holes may lead to local MIM structures.
ii) polymer residuals on the GRM surface. Although this may
not result in device failure, since the polymer ig insulating,
it can be understood as a decrease of the effective area of
the MIM capacitor. The introduction of annealing processes
(at =300 °C)172) may contribute to the removal of these impu-
rities, but may produce polycrystallization of TMOs in the
RRAM (if any), leading to unwanted inhomogeneities and
thickness fluctuations.'-37  Polymer-free transfer tech-
niques, such as electrostatic graphene/substrate attraction,
can be used,'”?l but this may increase the complexity of the
process.[174175]

Other methodologies to grow GRMs are physical vapor depo-
sition,[7¢ growth on SiC,["77! and the hydrothermal method!'”®!
but, to the best of our knowledge, their use in RRAM tech-
nology has not yet been reported.

The deposition of insulators on GRMs is also problematic.
According to Ref. [179], TMOs cannot be deposited directly by
atomic layer deposition (ALD) on defect-free SLG, due to the lack
of dangling bonds or functional groups. Ref. [180] observed that,
when trying to grow HfO, by ALD on MoS,, HfO, did not form
a homogeneous film, but instead islands on the MoS, surface,
probably located at MoS, defects (where there are dangling bonds
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that allow HfO, agglutination).") One possible approach is the
functionalization of the GRM surface,*2-1%1 which may enhance
the homogeneity of the TMO film at the interface. The most
common strategies to achieve a uniform SLG/highk interface
are functionalization with NO,,["®2l metal seed layers,/"®* organic
seed layers!™ and ozone (O;)."82 ¥ An interesting method
to generate a SLG-TiO,/Al,O3/TiO,-SLG cell was proposed by
Ref. [185]. A seed Ti layer was first deposited on the bottom SLG
electrode by e-beam evaporation and then oxidized to TiO, in air.
The AlLO;/TiO, stack was then deposited by ALD, and the top
SLG electrode was transferred. Another similar GIG device was
fabricated by Ref. [186] by depositing a bilayer insulating film
made of Ta,Os /TaOy on a CVD-SLG using radio-frequency and
reactive sputtering, followed by another CVD-SLG transfer.

For devices designed to be tested in a probe station, the use
of top metallic electrodes is unavoidable, as placing the large
tip on a SLG top electrode may damage it. Therefore, the GI
interface is in fact a MGI. One method to measure the SLG
electrodes without the need of metal deposition is the use of
CAFM, which controls very accurately the tip/sample contact
force and does not damage the GRM surface."”l CAFM can
also allow the investigation of ultra-scaled RRAMs.*’l

3. Use of Graphene as Top/Bottom Electrode

3.1. Transparency

One motivation for using graphene in electronic devices is
to provide them with flexibility”! and transparency.” For
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transparent devices, indium tin oxide (ITO) has been tradition-
ally the preferred electrode material,'®-1%I but its brittle nature
makes it less suitable for flexible/foldable devices. One alterna-
tive is using organic materials, such as conductive polymers,1*!]
but in this case the NVM petformance (with retention times
of just 10* s and endurance below 100 cycles) is usually much
lower than state-of-the-art TMO-based RRAMs. [1:31-33]

Ref. [192] fabricated transparent MLG/Dy,03/ITO struc-
tures by transfer of CVD-grown multilayer graphene (MLG)
patterned in a subsequent photolithography step. The devices
showed forming-free unipolar RS with Ioy/Iops = 10°, low set
and reset voltages (0.4 and 0.2 V respectively), endurance >100
cycles, retention time >10" s and typical switching power and
speed of 4.4 uW and 60 ns. Furthermore, the devices showed
a transparency ~80%. The performance as RRAMs of these
devices is better than other graphene-free cells, such as ITO/
ZnO/ITO,81 ITO/AIN/ITO ' ITO/Gd,03/ITO," and other
transparent prototypes like Ga-doped ZnO."")l Ref. [105] fur-
ther improved the optical performance by exploiting bi-layer
graphene (BLG) in BLG/SiOx/BLG structures, with a trans-
mittance >90% (see Figure 3a—c). Ref. [74] also achieved good
RRAM functionality with an overall light absorptance <25% in
devices made of ITO/SLG/ZnO/ITO, which also showed better
RS uniformity than its graphene-free counterparts. Ref. [75]
used MLG with a transmittance up to 92% to fabricate a flex-
ible organic memory device.

The characteristics of transparent and flexible graphene-
based RRAM devices in literature are summarized in Table 2.
Coupling graphene electrodes with organic RS media seems to
provide the highest transparency =92%,'") maintaining high

T T T T T

T T
0 100 200 300

Number of bending

Figure 3. a) Transparency of SLG/SiO,/SLG RRAM on glass. b) Schematic SLG/SiOx/SLG crossbar structures on a plastic (fluoropolymer) substrate
(left panel) and optical image (right panel). Scale bar = 20 um. c¢) Endurance measured from one of the crossbar devices using +5 and +14 V as set
and reset voltages. The memory states {current) were recorded at +1 V. d) Current levels of both ON and OFF memory states (read at +1 V) from a
crossbar device during repeated bending of the plastic substrate to r, = 0.6 cm. The inset shows transparent memories using the pillar structures on
plastic substrate. Reproduced with permission.1%l Copyright 2012, Nature Publishing Group.
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Table 2. Graphene-based RRAMs with transparency and/or flexibility capability. In the column headed “Flexible”, r, and C are the bending radius and

number of RS cycles collected during the test. In the “Transparent” column,

the authors claim that the structure is transparent but did not quantify it.

the percentages correspond to light transmittance, and “Yes” means that

Device structure Fabrication Device lonflore  SetV  Retention Endurance Power consumption Switching Transparent Flexible Ref.
rmethod size ™ [s] [oycles) [uw] tirme [ns]

MLG/Dy,O5/ITO VD 80 -3 %104 >10° 0.4 >104 >100 4.4 60 (set) 60 80% No [192]

(Transfer) [urm?) (reset)
ITO/SLG/ZnOfITO VD 200 pum 20 - 104 >100 - - Yes No [74]

(Transfer) in diameter
PS/SLG/PMMA/ (@Y%} 500 prn Li: 10t L2 104 1 - - Yes No [116]
SLG/PMMA? (Transfer) in diameter

L2: 108 L2: -4
Alf/PMMA/MLG/ VD 18-27 um 4.4% 108 3.4 1% 10° 1.5%10° = = Yes p=10mm [195]
PMMA/ITO/PET (Transfer) in diameter
C=15%10°

MLG/PI:PCBM/AI D = =108 4 1% 10¢ >30 - - 92% f=42mm  [75]

(Transfer)

Cc=1x10
Ti/PTIOYG/PEN  CVD  36x36 [um?] 107 2 106 1 3 (set) 94 (reset) - Yes n=10mm  [196]
(G thickness not (Transfer)
mentioned)
C=100
BLG/SIOy/BLG/ D 100 prm 1050 5 - 100 - - 90% No [10s]
ITO (Transfer) in diarneter
BLG/SiOx/BLG/ D 100 pm 108 5 - 400 - - Yes p=12mm  [105]
Polymer (Transfer) in diameter
C=300

OThis device shows multilevel RS. Depending on Vs, lon/forr changes. Table 2 reports the parameters for both levels; P This value is not well supported in Ref. [116]: the

{-V curve only shows 1-2 orders of magnitude, while the R vs. Cycle plot shows =10°.

Ion/Iopr =10° and long retention =10* s. All graphene-based
transparent devices were fabricated by CVD plus transfer (see
Table 2).

3.2. Flexibility

Graphene can be used to increase the flexibility of RRAM cells.
Ref. [105] reported BLG/SiOx/BLG cells with no RS degrada-
tion after bending >300 times at a bending radius (r)) ~1.2 cm
(see Figure 3d). Ref. [195] presented a flexible organic device
based on SLG sandwiched by two insulating poly(ethylene tere-
phthalate) polymer (PET) layers.'*l A Ni/PMMA/SLG/PMMA/
ITO/PET cell was fabricated by transferring a CVD-SLG and
spin-coating the PMMA layers. In this cage SLG was used as a
charge storage medium. Ref. [195] reported a good memory per-
formance including endurance >1.5 x 10° cycles, Ion/Iops >10°,
and retention time >1 X 10° s. Especially significant was the lack
of interference observed for scaled-down devices with SLG, as
well as the ability of the devices to maintain similar switching
characteristics (set/reset voltages and Ion/Iops) even after
being bent (r, = 1 cm) over 1.5 X 10° times. Ref. [75] designed
8% 8 crogs-bar array-type flexible organic RRAMs on PET uging
MLG electrodes coupled with two different active layers: one
polyimide and the other 6-phenyl-C¢; butyric acid methyl ester
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(PCBM). Typical write-once-read-many characteristics and high
Ton/Iorr up to 10° were achieved; for >1000 mechanical cycles
(1, between 4.2 and 27 mm) the devices maintained a reten-
tion time >10* s with <12.5% resistance fluctuations in both
HRS and LRS.”! Comparing the RS performance of all flex-
ible RRAMSs exposed to mechanical stresses is complex because
thegse may have been applied using different r, and times.
The influence of the bending time in flexible RRAMs was not
reported to date, while most works report 1, 7510519519 gmaler
1, may produce more damage to the devices, as this introduces
higher stresses. Therefore, from Table 2 it can be concluded
that the RRAMs with the best performance under bending are
those in Ref. [195].

3.3. Blocking Layer for Atomic Diffusion

The most common electrode materials in RRAMS are Al, Pt, Au,
Cu, Ti and Ni.l'%-202] Thege not only serve as contacts, but play
an essential role on the physics,®®! kinetics?%! and statistical
distributionP%204 of the RS. For example, different metallic
electrodes can alter the number of CFs in RS media, which
has an impact on the shape (sharp or progressive) of the reget
process, among others.>*l One strategy to tune the switching
characteristics of RRAMS is the use of active metal electrodes
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Figure 4. a) Schematic of SLG inserted between the top electrode and insulating film of a RRAM cell. b} Resistance switching -V characteristics of a
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Copyright 2013, American Chemical Society.

(like Ti or Zr) that can interact with the species from the insu-
lator. For example, in Pt/Ti/HfO,/Pt cellsl?® 27l oxygen atoms
from the HfO, layer can interact with the Ti electrode. This
allows the observation of bipolar RS thanks to the movement
of oxygen in and out of the HfO, film, forming an O-vacancies-
based CF with the narrower end at the cathode side.?*%l On the
contrary, in Pt/HfO,/Pt devices!*"> 27l the O-vacancies move-
ment towards the electrode is difficult, generating a CF that can
only be disrupted by applying large currents,2°>2%l which melt
the filament by Joule effect.”™ In this case, the forming event
is sharper, which leads to a higher Ioy/Iopr = 10* for Pt/HfO,/
Pt instead of =12 for Pt/Ti/HfO,/Pt, but the endurance may be
worse due to the generation of an avalanche current,*l BD
spot propagation,?') thermal heat,?'") insulator contamination
by metal migration/*'? and dielectric-breakdown-induced epi-
taxy.?"¥l Comparing the performance of Pt/Ti/HfO,/Pt and Pt/
HfO,/Pt cells it has been observed that,**>2%7l while the LRS
cutrents in Ti-free devices were linear and the filament was
symmetric, those including inserted Ti layers drove exponential
currents representative of partially formed conical filaments,
with the narrower end at the HfO,/Ti interface. This was con-
firmed by fitting the experimental I-V curves to the quantum
point contact model.?" Moreover, at larger electric fields, the
movement of metallic ions may also be activated, allowing their
penetration in the TMO and producing even larger changes in
the device conductivity than the motion of oxygen vacancies."
Therefore, as SLG is impermeable,”"% introducing SLG
between metal and insulator alters these interactions.[1%%21¢l
Ref. [107] observed that inserting CVD-SLG in Al/WO;/Al
structures stabilized the characteristics of the RRAM devices
(see Figure 4a and b), reducing the variability of the set/reset
voltages and currents, as well as enhancing the endurance.
In SLG-free cells, when positive bias is applied to the top
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electrode, oxygen ions from the Al/WO; interface are pushed
into the oxide bulk, leading to the formation of CFs rich in
oxygen vacancies (which can be charged by electrons). During
the reset process, the oxygen-deficient region is reoxidized.
Ref. [107] suggested that SLG blocks the diffusion of oxygen
ions into the reactive Al layer, which reduces the cycle-to-cycle
variability in I-V curves. The dissolution of oxygen in SLG is
very scarce and it presents a barrier for potential oxygen diffu-
sion.*® Both factors impede the diffusion of oxygen through
SLG, avoiding the interaction with the metallic top electrode.
Ref. [217] suggested that the electric field applied during the
set operation can move the oxygen ions towards the metal/
oxide interface, but they cannot penetrate into the Ti electrode
due to the presence of the interfacial SLG (see Figure 4c). At
most, the oxygen ions could form covalent bonds with the SLG
defects (missing atoms and/or dangling bonds),'®>2"] leading
to a p-type doping that can be released during the reset tran-
sition. However, Ref. [55] reported the migration of metallic
ions from the electrode into the dielectric in ECMs, even with
the presence of interfacial SLG. Ref. [55] reported that, in
ECM cells based on Ta/SLG/TaOy/Pt stacks, the switching is
influenced by the formation of Ta ions and their interaction
with the TaOy active layer. Nevertheless, Ref. [55] used large
device areas ranging between 25 x 25 and 1000 x 1000 um?.
The presence of cracks and leaky grain boundaries can happen
in CVD-grown and transferred SLG,?"®l thus MLG may pro-
vide a better protection than SLG.

3.4. Lowering Power Consumption
The out-of-plane SLG contact resistance is larger than that of

metallic electrodes,?!l which can be used to reduce the currents
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in both resistive states of the RRAMs, lowering power consump-
tion. Ref. [217] analyzed bipolar RS in TiN/Ti/SLG/HfOy/Pt
RRAMSs. Cyclic voltammetry indicated a reduction of the reset
current by a factor =11 compared to SLG-free devices (Figure 5a),
further corroborated using cumulative probability plots. Despite
this improvement, the plots indicate that the HRS currents
under positive polarity for the SLG-based devices increase,
which is an unwanted effect. Ref. [217] pointed out that com-
parisons between SLG-based and SLG-free cells using similar
current limitations (CL, defined as the threshold current used
during the forming/set processes to limit BD) were not reliable
due to the low endurance of SLG-free cells at such low (100 pA)
current levels. To solve this problem, Ref. [217] compared the
typical RS cycles using the optimal CL for each cell (10 uA for
SLG-based cells and 100 pA for SLG-free ones), suitable to
produce a lower cycle-to-cycle variability (Figure 5b), and con-
cluded that: i) The CL needed to stabilize RS in the SLG-based
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device is lower, which from the power consumption point of
view is an advantage. Despite the current in the HRS being
the same, the LRS current was reduced more than one order of
magnitude. This implies that, when the filament is completely
formed in the LRS, its size (diameter) is much smaller using
SLG-based electrodes. ii) The decrease of LRS current reduces
Ion/Iopp. iii) SLG avoids the current overshoot during the set
process, which also reduces the maximum current during the
reset transition (Ipgger): in SLG-based RRAMS, Iygser was half
CL, while in SLG-free, Iypspr was 2-3 times larger than CL
(see Figure 5b).

Ref. [98] fabricated a Pt/Ti/TiO,/SLG RRAM and reported
similar data as Ref. [217] (Figure 5¢). Ion/Iopr as well as both
HRS and LRS currents were reduced. Therefore, from these
two results,*®?17l SLG helps to stabilize RS at lower CLs, which
reduces the reset current (probably due to the formation of nar-
rower CFs) and the overall power consumption.
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Figure 5. a) Typical RS behaviour of Ti/SLG/HfOy/Pt (red) and Ti/HfOy/Pt RRAMs under the same CL. b) Typical RS behaviour for the same devices
but using optimal testing conditions. 10 and 100 pA are applied to achieve steady RS. Reproduced with permission.?'”] Copyright 2013, American
Chemical Society. ¢} RS curves of typical TiO,-based memristive devices using SLG and Pt electrodes, with a SET current compliance of 5 uA and 3 mA.
The arrows point to the RS directions. Inset: small-bias {-V curves for both devices in the ON state, showing different resistance. Reproduced with
permission.l'%l Copyright 2014, Wiley-VCH. d) -V comparison between a Pt/Ta/TaOy/Pt cell with SLG inserted between the Ta and the TaOy layers
(red) and one cell without (blue). The cell without SLG needs higher HRS currents for stable RS. That with SLG offers higher lon/lopr and HRS current
reduction. Reproduced with permission.® Copyright 2015, Wiley-VCH 2015.
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Ref. [55] also observed that lower CLs (10 pA) stabilize Pt/
Ta/SLG/TaOy/Pt RRAMs (Figure 5d), producing an increase
of the reset current and Ioy/Iopr in the SLG-based cell (com-
pared to SLG-free). These results are surprising because the
CL used for the SLG-based cells was smaller, and it is usual
for the reset to take place at currents similar to CL in all kinds
of RRAMs (including ECMs, VCMs).*l Indeed, Figure 5d
shows a current overshoot. We cannot tell how reproducible
these observations are because, unlike Ref. [217], Ref. [55] did
not include the evolution with the number of cycles. On the
other hand, Ref. [217] observed reset currents smaller than CL
in SLG-based devices. More work is thus necessary to confirm
these observations.

3.5. Suppression of Surface Effects

Most devices based on TMOs are influenced by surface
effects,*?! including surface band bending,?*!l chemisorp-
tion/photodesorption,l???) and surface roughness.*”!l The
barrier for species diffusion provided by SLG was used by sev-
eral groups. For example, Ref. [74] inserted SLG into an ITO/
ZnO/ITO stack to explore the device performance variation
under different atmospheres (see Figure 6). 0>~ chemisorption
happened at the top surface of the MIM structures (in con-
tact with the environment), resulting in defects associated to
the oxygen partial pressure. Due to oxygen ion chemisorption,
the partial pressure of oxygen can influence the TMOs elec-
trical properties, as more O, molecules are chemisorbed with
increased partial pressure.”2* 2%l O, molecules are absorbed
at the TMO surface defects,|?!l such as oxygen vacancies,|*®l
acting as electron acceptors to form chemisorbed oxygen ions,
which will contribute to decrease the conductivity of metal
oxide. However, the introduction of SLG (forming an ITO/
SLG/ZnO/ITO structure) protects the ZnO film from chem-
isorption of O, molecules, avoiding surface effects. The effect
of oxygen ions chemisorption on the switching properties of
RRAMs was analyzed by Ref. [74] by comparing the resist-
ance of HRS and LRS with and without SLG electrodes under
various ambient conditions. Without SLG, the HRS shifts to
a higher resistance as it can interact with the atmospheric
0,122 because the chemisorbed oxygen ions induce lower
conductivity near the ZnO surface.??*2%l As the oxygen ions
concentration increases, the surface band bending effect is
more pronounced. However, with the SLG introduction at the
ITO/ZnO interface the variation of HRS resistance is sup-
pressed, 7 and it almost completely decouples the average var-
iation of the HRS resistance from atmospheric conditions.”l
This improves device reliability, giving endurance >10? cycles
and retention time >10" s.

3.6. Functionalization of Graphene Electrodes

Different functionalization strategies can be followed to
achieve specific performances. For example, SLG can be used
as blocking interfacial layer to avoid metal/insulator interac-
tions.[??l If SLG is intentionally patterned with selected num-
bers of holes or defects, the properties of the cell at those
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Figure 6. Atmosphere-dependent resistance in HRS and LRS of ZnO
RRAMSs with and without SLG electrodes. The bottom and the top of
the box are the 25 percentile and the 75" percentile, the band near the
middle of the box is the 50th percentile, and the ends of the whiskers
represent the 10" percentile and the 90" percentile. Reproduced with
permission.’ Copyright 2013, IEEE.

locations can be modified, leading to specific local phenomena,
such as local (instead of distributed) O-vacancy scavenging.
Ref. [170] functionalized SLG in a MGIM structure by using
controlled Ar*-ion-assisted bombardment, which generated
different amounts of defects, depending on the bombard-
ment energy.?*’l By means of CAFM Ref. [170] showed that
the leakage current in functionalized samples was more con-
fined than in pristine ones (see Figure 7), probably due to the
lower conductivity of the SLG-free locations (i.e. the holes
patterned in SLG). MGIM devices with Ar*-ion-bombarded
SLG had smaller variability in the set and reset voltages than
those without, and more stable currents in each state.['”"! This
strategy was further studied by Ref. [171], who tuned ionic
transport in Pd/Ta/SLG/Ta,Os/Pd RRAMs using SLG with
engineered nanopores. SLG was grown by CVD on Cu and
transferred with the assistance of a polymer scaffold.['5 167]
The migration of oxygen ions in the device was controlled by
opening some nanopores in SLG, which allowed to tune the
properties of the devices.'7!l However, since the nanopores
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Figure 7. a) Fabrication process for a MGIM structure using functionalized SLG prepared before transfer. b) Initial I-V characteristics of MGIM and con-
ventional MIM structures. ¢} Cumulative probability of RS voltages, V... and V.., for MGIMs with SLG irradiated with Ar+ ions at 240 eV (MGIM240},

set

250 eV (MGIM250), 260 eV (MGIM260), and 270 eV {(MGIM270) as well as a MIM. d) Change in resistance states for MGIM240 and MIM, measured
at room temperature and atmospheric pressure. ) Retention characteristics of MGIM240 measured at 85 °C at 1 mTorr as well as ambient atmospheric
conditions, under reading voltage =0.1 V. Reproduced with permission.l'’% Copyright 2015, Nature Publishing group.

were patterned with e-beam lithography, the process is less
scalable than in Ref. [170], which used ion-assisted reac-
tion treatment after transfer of MLG to etch residues as well
as induce defects in SLG. In all, it was demonstrated that
inserting a functionalized SLG in the structure of RRAMS is a
good approach to tune their properties.

Ref. [231] reversed the manufacturing order of the RRAM stack
(from MLG/TaOy/Ta,05 (/MLG to MLG/Ta,05_/TaOy/MLG). In
this case, the conventional linear bipolar RS became highly non-
linear due to the bottom MLG electrode being oxidized at 400 °C
in an Ar/O, plasma during the reactive sputtering deposition of
TaOy. Due to the low currents driven by these devices (0.5 mA
at 8 V), they are promising as threshold switching and/or selector
elements.

Another potential advantage of SLG electrode engineering is
that the Fermi energy can be controlled, which is not possible
in standard MIM structures. Using this approach, Ref. [98]
engineered the tunneling barrier width and height at the inter-
face of a Pt/Ti/TiO,/SLG/Pt RRAM device, resulting in three
orders of magnitude reduction of the switching power (from
107° W to 1072 W),
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3.7. Integration

One advantage when building NVMs using MIM structures
is the potential for stackability and integration. One common
approach!'#232233] consists of fabricating a nanostructured
material with alternate metallic and insulating films. Then, a
vertical aperture (hole) is patterned and the RS media is depos-
ited 113232233 Finally, the rest of the hole is filled with another
metal, leading to vertically aligned MIM cells in which the ver-
tical electrode serves as common electrode, and each horizontal
metallic film is the specific electrode of each (independent)
MIM cell.M3232 In this structure the thickness of each insu-
lating film should be large enough to avoid cross-talk noise
from cell to cell, therefore it cannot be reduced below a safe
value (in the case of SiO, = 6 nm).'""l On the contrary, the
thickness of the metal should be low enough to ensure good
in-plane conductivity. SLG is thus a promising building block
because: i) it is only 0.34 nm thick!'"?l and its in-plane conduc-
tivity is excellent (=3000 Wm 'K 1);/2*!l and ii) the lateral connec-
tion between SLG and the RS media provides a lower contact
resistance (compared to metals). Ref. [235] used FETs with
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Figure 8. a) SLG-based RRAM in a vertical cross-point architecture. The RRAM cells are formed at the intersections of the TiN pillar electrode and
the SLG plane electrode. The RS HfO, layer surrounds the TiN pillar electrode and is also in contact with SLG. b) Schematic cross-section of the SLG-
based RRAM. c) High-resolution TEM image of the two-stack graphene set electrode RRAM (GS-RRAM) structure. The RRAM memory elements are
highlighted in red. Scale bar = 40 nm. d,e) First and second layer of GS-RRAM with SLG on top of Al,Os. Scale bars = 5 nm. f, g) TEM images of the
two-stack Pt-based RRAMs. Scale bars =40 nm (f) and 5 nm (g). Reproduced with permission.""3l Copyright 2015, Nature Publishing Group.

metallic electrodes that contacted the SLG channel laterally,
and observed a mobility of 140 000 cm? Vs, much higher than
that of similar devices in which the SLG channel is connected
vertically (40 000 cm? Vs '),[2%l and very close to the phonon
limited model**! The reason is that the in-plane bonding is
covalent, while metallic electrodes deposited on top of SLG rely
on weaker Van der Waals interactions. A similar methodology
can be used in RRAMs, employing SLG as planar electrode
contacted from the side (see Figure 8).11'* Using this principle,
Ref. [233] fabricated RRAM devices with Ioy/Iopr >80, low reset
currents =20 HA and low set/reset voltages (2 to 4 V).

Ref. [186] used a similar structure consisting of SLG as edge
electrode to investigate the scaling limit of RRAM integration.
In this case, the RS medium was a superstructure made of
Ta,05 /TaOy and, as in Ref. [233], SLG was grown by CVD and
transferred on SiO, by an electrochemical approach.”*”l The
Pt column and SLG setve as pillar and edge electrodes respec-
tively. As a result, SLG edge electrodes allowed a larger density
of three dimensional RRAM integration.

4. Graphene-Oxide-Based Switching
Media for RRAM

Even though the electrodes are a crucial element defining the
performance of RRAMs, the switching medium is the domi-
nant one.*!l Apart from TMOs, a wide variety of materials
has been proposed as switching media in RRAMs, including
organic materials,**® polymers,[?*? perovskites,*4!l GRMsl*#!!
and amorphous carbons.® 9 Mixtures/alloys of some of them,
such as polymers with high density of graphene flakes!'*l or
organic polymers,** have also been used.
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GO and reduced GO (RGO) have been widely investigated for
RS applications 131332112531 GO films consisting of intercon-
nected flakes are typically produced by LPE and spin coated on
the surface of a substrate (which serves as top electrode), with
subsequent deposition of top contacts on the GO surfacel**l
(see Figures 9 and 10). This contrasts with the atomically flat
CVD-SLGs, and could have implications in terms of device-to-
device variability.

Ref. [241] prepared a GO compound by using the Hummers
method!®*®! and the resulting material was transferred onto Pt/
Ti/SiO,/Si substrates, followed by top Cu electrode evaporation.
The resulting Cu/GO/Pt RRAMs contained a 30-nm-thick GO
film (see Figure 10), which showed In/Iorr >10, long retention
times >10" s, and low switching threshold <1 V. The ability of
GO to change its electrical resistance when subjected to voltage
stresses was later confirmed in Al/GO/ITO cells.[19%56.257] Sey.
eral authors!'262% 262 combined a GO active layer with diverse
electrode metals (Pt, Au, Al), which allowed tuning the RS char-
acteristics of the devices.['202%8 262]

Two competing hypotheses have been proposed to inter-
pret the bipolar switching observed in GO films.[*"2263] The
firsti4226%] resembles that of ECM cells using active metallic
electrodes, in which metallic ions can diffuse from the elec-
trodes towards the GO layer, leading to the formation/
dissolution of a CF. The independence of the LRS resist-
ance on temperature and the proportionality of the currents
to the electric field support this mechanism.?'%2%3 An X-ray
photoelectron spectroscopy (XPS) study of an Al/GO/ITO stack
detected Al atoms along the GO film when the device was
working in LRS, pointing to mass transfer during the cyclic
switching.[**’l The second!*!!is similar to that of homogeneous
VCM for inorganic materials, and suggests that absorption and
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Figure 9. a) Cross-sectional SEM images of folded, aggregated and
misaligned GRMs used in RRAM technologies. The insets highlight
HfOy films and stacked RGO layers, respectively. b) RS behaviour of
laser-scribed RGO (LSG-) based RRAM at the first, 50t and 100t cycle,
respectively. Reproduced with permission.l? Copyright 2014, American
Chemical Society.
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Figure 10. /-V characteristics of Cu/GO/Pt RRAM cell showing RS. The
arrows indicate the sweep direction. The insets show the |-V character-
istics in semilogarithmic scale and the schematic configuration. Adapted
with permission .2l Copyright 2009, American Institute of Physics.
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desorption of oxygen functional groups could induce RS in
the GO film.?*!l In most cases, GO is associated with various
oxygen groups, such as carboxyl,*® hydroxyl, and epoxide,
with their oxygen ions usually contributing to form the conduc-
tion path.[?61:2%5] Two states—sp? and sp’—exist in these oxygen
groups; the latter has larger conductivity due to the introduc-
tion of m-electrons from the removed oxygen groups.?*!l The
change of the oxygen bonding state in the GO film usually
causes a variation of the leakage currents.*"! This interpreta-
tion received partial support from the e-beam-induced current
profile at the GO/metal interface and XPS depth profiles of
oxygen and metals in HRS and LRS, which displayed distinct
oxygen bonding near the interface.!'”*2%% However, the spatial
distribution of the oxygen functional groups can vary in each
resistive state. Furthermore, experiments on devices with dif-
ferent sizes indicate that the leakage current is proportional
to the cell size.'%I Therefore, both results suggest that oxygen
migration plays a dominant role in the switching of GO-based
RRAMs. 21l

Ref. [267] observed different switching polarities, switching
modes or the absence of them depending on the active metallic
electrode (Al, Cu, Ni, Ti). The switching directions are char-
acterized by the different area, field and temperature depend-
ences between them. Except for Ni electrodes (which did not
show RS),/%%7 all the others (Al, Cu and Ti) showed bipolar
switching under positive set (applied at the top electrode,
bottom grounded).”®”l Ti showed additional negative bipolar
switching under negative set, and Al showed additional uni-
polar switching.?”l The bipolar RS under negative set might
be related to the absorption/release of oxygen based functional
groups,**:2%8] while the bipolar RS under positive set may be
associated with metallic ion diffusion.

The main performances shown by GO-based RRAMs are
compared in Table 3. The highest Iny/Iopy was achieved in
ITO/GO/Ag** and p-Si/GO/Ag™ structures. Ag electrodes
seem to provide the lowest switching voltages,!1*#133:212.213] byt
this contrasts with the results of Ref. [251], which show oper-
ating voltages =6.7 V (the thickness of the GO film in Ref. [251]
was ~15 nm, while in Refs. [133,242] it was not indicated). By
comparing rows 2 to 5 in Table 3,2¥/ it can be concluded that
Cu electrodes provide higher Ioy/Iopp than Ti, Ag and Au, prob-
ably due to the higher diffusivity of Cu atoms in the GO film,
which may result in a more effective CF disruption during the
reset process. It would be interesting to try ITO/GO/Cu and
p-Si/GO/Ag RRAM structures. The ITO/GO/Al RRAMs from
Ref. [249] show retention times >107, but they are still insuf-
ficient for RRAM technology (see Table 1).Z) By comparing
the ITO/GO/Al RRAMs from Ref. [249] with the ITO/GO/
Ag from Ref. [242] it looks like Ag electrodes cannot provide
long retention (107 vs. 10%), which is consistent with the lower
operation voltages for Ag electrodes./'*1532422%] In any case,
the long retention observed in Ref. [249] requires further cor-
roboration (as well as the high operating voltages observed in
Ref. [251]). The use of semiconductor electrodes in RRAMs,
e.g. Si/GO/ALIBY Ge/GOJAIFY and p-Si/GO/AGP#! show
(unwanted) high operation voltages of -5.5V, -8.7 Vand 3.5V
(respectively). While Si/GOJALIZ Ge/GO/AL» show low
Ion/Iorr <120, p-Si/GO/AG!*"I reached 10", Further confirma-
tion of the results in Ref. [247] is necessary. Despite all papers
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Table 3. Switching in GO-based devices.

MATERIALS

www.advelectronicmat.de

Device Structure Device size fonglorr Set V V] Retention [s] Endurance [cycles] Ref.
Pt/GO/Cu 100 pm in diameter 500 =0.7 >10¢ >100 241]
Pt/GO/Cu 100 pm in diameter =1250 =0.8-1.2 >104 >100 [245]
Pt/GO/Ti 100 wm in diameter =650 =0.8-1.2 =10° >100 [245]
Pt/GO/Ag 100 urn in diameter =100 =0.5-1 =10° =100 [245]
Pt/GO/AU 100 prm in diameter ~40 ~0.6-0.8 105 >100 R45]
Si/GO/Al 600 600 [urr?] 110 55 108 =100 R50]
Ge/GOJA 600X 600 [urm?] 76 -87 103 >100 R50]
AlGOJAl = 108 0.7 = = 253]
ITO/GOJAl 180 pm in diameter 10° -1.6 107 =100 [249]
ITO/GO/Ag . 100 _0.6£02 107 = R42]
ITO/GO/Ag 80 pm in diameter <10 0.6 = = [133]
Ag/GOJAg o 10 6.7 S10° = 251]
p-Si/GO/Ag ~50-150 prm in diameter 100 35 =107 >100 R47]
Al/GOJAL/GO/ITO - 102 - - 10¢ R43]
241,245,249,250]

using spin coating reporting thick >10 nm layers|
the endurance for all RRAMs in Table 3 is just =100 cycles.
This value, which may be related to the large number of
defects (missing bonds) in the GO film % is very far from the
technology requirements for NVMs (10° cycles, see Table 1).7!
Similarly, despite all papers in Table 3 claiming that GO may be
interesting for future nano RRAM devices, the RRAM size was
>7500 pm?, and we are not aware of any CAFM-based RS study
(like those in Ref. [35]) for GO films. The data in Table 3 needs
to be corroborated in smaller MIM cells.

The endurance can be enhanced by using RGO instead of
GO, as can be observed by comparing Table 3 and Table 4.
Ref. [262] reported unipolar RS in ITO/RGO/ITO cells (5 pm
in diameter), with endurance >10° cycles. The replacement of
one of the ITO electrodes by AuP7 did not alter the operation
voltage (2V) and retention time (10%), indicating that in these
structures the RGO (not the electrode) plays a dominant role

Table 4. Switching in RGO-based devices.

in the charge transport.?”! The use of one Al electrode in con-
junction with the RGO/ITO stack does not significantly alter
the switching timel**! (compared to ITO/RGO/ITO)?%! even
in much larger cells (=3 mm in diameter). When both elec-
trodes are made of Al?71272l the devices show much lower
Ion/Iopr <100. This observation correlates with a reduction of
the operating voltage (=0.6 V).P7%272 The use of Pt electrodes
shows high operation voltages <1.9 V and Ioy/Iopp, 27! similar
to those of Au electrodes. This is reagonable because both Au
and Pt are noble metals with low reactivity with GO. In agree-
ment with these observations, RGO-based RRAMs using Al
electrodes showed the smallest retention times.P%-271-2741 A
device with Ag electrodes showed the lowest Ion/Iopr (10) and
endurance (100).254

GO and RGO can be combined with additional layers with the
aim of furtherimprovingthe performance of RRAMs [194:264.275-278]
Prototype RRAM cells combining ZnO-graphene quantum dots

Device structure Device size Tonflorr Set V[V] Retertion [s]  Endurance [cycdles]  Switching time [ns] Ref.
PET/ITO/RGO+PVA+AU NP/AI - >103 0.44 >104 - - [352]
ITO/RGO/ITO 50 wm in diameter = 2 10° @ 85 °C S10° 30 (set) 262]
30 (reset)
Au/RGO/ITO = 10° 2 10° = = [270]
AlfGO/ITO =3 mm in diameter 10° - >104 - 25 (set) [260]
25 (reset)
Al/RGO/A = 10 = >10° >100 = 272]
AlfRGO/AI 100 prr in diarneter 10% 0.6 104 =250 - 271
Pt/RGO-th/Pt 100 prm in diameter S104 ~1.9-3.9 >10° 350 5 (set) 273]
5 (reset)
AlfPFCF/RGO/ITO 0.4 mmin diameter 104 1.2 104 108 . (351]
Al/RGO-ferrocene/ITO 0.04 mm in diameter 10° - 10° 10° - [274]
Ag/HFO,/LSG (laser-scribed RGO) - 10 - 104 100 - [254]
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(GQDs), " metallic (Ni,?7#) Au?*}l) nanoparticles and nanocrys-
talline cellulose/GO?””l have been reported. Ref. [194] intro-
duced ZnO-GQDs as active components and demonstrated
a solution-processed organic NVM array with one-diode-one-
resistor (1D1R) architecture. The switching mechanism of the
ZnO-GQDs devices was governed by thermally activated trans-
port before the turn-on process.'!l The 1D1R cell showed typ-
ical unipolar switching and low cross-talk noise. An analogous
architecture of ZnO nanorods (ZnONRs) with GO displayed a
significant reduction of the operating voltages (2.1 V) compared
to the cell without ZnONRs (3.9V), indicating enhanced concen-
tration of oxygen vacancies in the GO due to the incorporation
of ZnONRs.*®l Ref. [278] used Ni-incorporated GO to fabricate
RRAM devices with endurance >100 cycles, and Ref. [243] com-
bined GO with Au nanoparticles, which lead to bipolar RS with
retention times =10 5.2’

The combination of GO with polymers such as poly
(N-vinylcarbazole) derived GO (GO-PVK),l*"! triphenylamine-
based polyazomethine (TPAPAM),?’4l showed typical bistable
electrical conductivity and nonvolatile rewritable memory
effects, with a turn-on voltage =1 V and Ion/Iopr >10°
Ref. [264] presented a RRAM-based on solution-processed
GO/Pry7Cay sMnO; forming a cell of Pt/GO/PCMO/Pt. In
this structure, two active layers are necessary because GO or
PCMO independently sandwiched by metal electrodes cannot
reach stable RS. For example, the Pt/PCMO/Pt control sample
showed no RS,?*l due to the almost Ohmic contact between
each layer, and the -V characteristics of a single Pt/GO/Pt
device displayed an irreversible BD. However, the device with
two active layers exhibited intrinsic and reversible bipolar RS,
along with the conduction mechanisms associated to oxygen
ions movement between the two active layers (see Figure 11).
Three different phases can be detected from -V characteristics
collected in these devices: i) An initial linear behavior at low
voltages. ii) A sudden current increase that switches the device
to LRS, probably related to the movement of oxygen ions from
GO towards the PCMO surface, which contains large amounts
of oxygen vacancies compared to the bulk region. And iii) the
resistance of the PCMO layer is decreased by reducing the
oxygen vacancy concentration, inducing the reset and transi-
tion back to the HRS. Therefore, electrical pulses can cyclically
induce a HRS to LRS transition, and vice versa.

Refs. [243,258] reported multiple stable resistive states
in GO when incorporating either Au nanoparticles?* or
polyimide.?*®! The presence of more than one resistive state
allows for a higher information storage density as, instead of
bits, multiple digits can be stored. Up to four differentiated
levels and retention times of at least 10" s were reported.*"?l
The performance of RRAMs using GO, RGO-polymer and
mixed structures as RS media are summarized in Table 5.
Outstanding performance in terms of endurance (10® cycles)
is achieved!?>%’¢l ysing GO-polymer composites sandwiched
by ITO-Al electrodes, approaching, but not meeting, the NVM
technology requirement (10°%). These two cells!?”>%”%l also show
high retention times >10* s and Ion/Iorr =10°, being only
surpassed by the RGO/P3HT:PCBM/AI structures shown in
Ref. [279] (10*-105).

GO can also provide flexibility and transparency to the
devices. For example, ITO/GO/Ag RRAMs with Ioy/Iops = 10°
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Figure 11. Typical I-V hysteresis curves of GO/PCMO and PCMO cells
(top). The inset shows the -V hysteresis for a Pt/GO/Pt device. Pro-
posed switching mechanism in LRS (left) and HRS (right) for GO/PCMO
devices (bottom). Reproduced with permission.? Copyright 2011,
American Institute of Physics.

and stable retention characteristics for >10% s within 1000 cycles
for r, > 4 mm have been reported.?*’! Ref. [262] fabricated
RGO-based RRAMs by dip-coating, and obtained ~80% trans-
parency from 425 to 900 nm. These devices exhibited unipolar
RS characteristics with Ioy/Iopr >10°, endurance =10° cycles
for each state, retention times >10° s and multilevel capability.
The performance of flexible RRAMs using GO and RGO as RS
media is summarized in Table 6. Outstanding performance
(Ion/Iorr >10°, retention >10° s and endurance >10° cycles) was
achieved in PEN/Ti/Pt/GO/Ti/Pt RRAMSs,[?8! with MIM cells
=100 nm X 100 nm, making these values more reliable. This is
an important step towards enabling future transparent device
applications based on GO and its derivatives.

5. Amorphous Carbon as Switching
Media for RRAMs

Non-crystalline carbons are referred to as amorphous carbons.
When the sp? fraction is higher than 50%, these are called
tetrahedral-amorphous carbons, ta-C.[281 284l
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Table 5. Switching in GO and RGO-polymer and mixed structures.

Device structure Device size tonflorr Set V[V] Retention [s] Endurance [cycles] Ref.
ITO/TPAPAM-GO/AI 0.4% 0.4 [mm? 108 ) >10¢ 108 [276]
ITO/GO-PVK/AI - >10° 2 >10¢ 108 275]
PET/ITO/PVK:Gr{(GO)/Al - - =0.2-0.4 - Not reversible [353)
ITO/PVA+GO/AI 200 prn in diameter 104 -0.75 104 >10% [354]
ITO/PVDF-GO/AI 0.0004 [cn] 104 316411 - - (355]
AlJCUO/GO/CuO/Al - - 3.0 - - [244]
ITO/PMMA/GO/PMMA/Al 30 prm in diameter >10° K i 10¢ >105 [356]
Gr/GOjZnONR/Nb - 10° - - >50 357]
ITO/GOAU/Al 200 pm in diameter 108 -1 104 >300 [358)
ITO/GO-FeQ/Pt - 5%10° 0.9 10° >1100 [359]
ITO/FPATGO/AI 0.04 [mirm?) 10° 16 >108 5103 274]
Al/GO-PFCZITO = 0.16-0.0225 [mm?] 108 038 >10¢ 108 (351]
AufPrGODMF/ITO = 100 = >1000 100 [128]
Ag/P/GOPI/PI/ITO - 1000 5 1400 130 258]
Pt/GO/PCMO/Pt = 102 -0.75 10¢ 150 [264]
Al{PS-b.PAVP-GO/ITO 0.4 % 0.4 mm? 104 =6 >104 108 [360]
Al/P3HT-PCBM /1GO/glass - 108 - - - [140]
Pt/Zr:SiOx/C:SiOx/TiN - 100 = - - [268]
1GO/P3HT.PCBM /Al - 10410° - - - [279]
PET/IGO/MoS,PVP/Al = ~10? . - - [320]

Amorphous carbons can change resistance by applying uni-
polar electrical pulses or voltage sweeps. RS in amorphous
carbons has led to their addition to the selection of emerging
memory technologies in the 2014 ITRS.?! The switching mech-
anism, however, is still under debate. Several mechanisms have
been put forward, such as sp? clustering,®$285 gp? filament
formation, 256289 metal filament formation®>2% and electron
trapping/detrapping !l

In 1972 Ref. [292] first reported RS in 10nm thick evapo-
rated a-C films sandwiched between Al electrodes, reporting
100 000 switching cycles. Ref. [292] found that a forming step is
needed to create a CF and activate RS. Switching only occurred

by applying a positive voltage to the bottom Al electrode, while
opposite polarity was needed for the RESET.?% RS was attrib-
uted to metal filament formation, since Al is a diffuisive metal
and amorphous carbon produced by evaporation has usually
very low sp3 content and switching in sp? rich amorphous
carbon is not reversible.?l

Non-volatile RS in doped amorphous carbon films was dem-
onstrated by several groups.[3*#%2%-3%] Thig includes RS in
nitrogen, 5599295296 hydrogen, 5% oxygen,2**1 silicon, %!
CoPl and Cul?%-3%1 incorporated amorphous carbon films.
Table 7 summarizes the literature RS data in doped amorphous
carbons.

Table 6. Switching in GO and RGO on flexible substrate.

Device structure Device area fonflore Set V[V] Retention [s] Endurance [cycles]  Switching time [ns] Ref.
PET/ITO/GO/Al 300 prm in diameter 280 22 104 >100 = [261]
PES/AI/GO/AI 50 prn x 50 purm >100 2.5 5x 104 ~100 = [126]
PES/ITO/GO/ITO 150 um in diameter 10 =0.7-1 10° - - [361]
PET/ITO/GO/ZnO nanorods/Al 200 pm in diameter =100 =1-4.8 104 >200 - [246)
PET/ITO/GO/Al 200 prn in diarneter =100 3.9 - - = [246]
PET/ITO/GO/Ag 0.026 [mm?] 5 —0.14 =10° 13 - [139]
PET/ITO/RGO+PVA+AU NP/A| = >103 —0.44 >104 - - [352)
Pt/RGO-th/Pt 100 pm in diameter >104 =1.9-39 >10° >350 5 [273]
Al/RGO/AI 100 urn in diameter 102 -0.6 >104 >250 - 271)
PEN/Ti/Pt/GO/Ti/Pt 100 nmx 100 nm - 3.5 >10° >10° <10 (set) [280]
AlGOJITO 180 prm in diameter 10° -1.6 107 >100 - [249]
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Table 7. Doped armorphous carbon-based RRAMs.

MATERIALS
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Device structure Device area lonflore Set V [V] Retention [s] Endurance [cycles]  Switching time [ns] Ref.
W/a-COy/PtTIW 100 nirn in diameter >102 i 10* @ 85 °C >104 40 (set) 294,301]
4 (reset)
Pt/a-CNg1s/Cu 100 prm in diameter 1 0.6 >108 10° = [295]
FTO/a-C:Co/Al - 25 - >10° - - 297]
Ptfa-C:CufCu 0.1% 0.1 [um? 107 0.7 10* @ 85 °C >10° - [298,299]
Pt/a-C:Cu/Pt 30% 30 [urn?] = 0.7 = = = [300]
Pt/a-C:N/C-AFM tip 12 nm in diameter - 3 - - - [296]
Pt/a-C:Si/C-AFM tip = = 3.5 = = = 296]

Refs. [88,89] reported a reversible NVM effect in nitrogen-
doped tetrahedral amorphous carbon, ta-C:N, with write times
down to 100 ps.’ They attributed the switching to the pro-
motion of electrons from acceptor states in the gap to higher
domnor states. However, the LRS retention wag poor, only one
year* too short for commercial applications. Ref. [295] pre-
pared nanoporous nitrogen-doped amorphous carbon and
studied a Pt/a-C:N/Cu device structure. Set and reset occurred
at opposite voltage polarities.”*> Decreasing the amount of
nitrogen led to a reduction of switching voltages to +0.6 V for
set and —0.5 V for reset.”*s! Over 1000 switching cycles and a
retention >80 days at room temperature were reported, still not
good enough to meet industry requirements.?*’ The switching
mechanism was attributed to the formation and rupture of Cu
filaments.?% Ref. [296] reported the effect of nitrogen implan-
tation on RS of amorphous carbon to analyze the role of sp?
filamentation and clustering. Nitrogen implantation made the
films more conductive with an increase in sp? bonding and
clustering, facilitating the SET process.?*¢l

Several groups reported reversible, non-volatile switching in
hydrogenated amorphous carbon, a-C:H,8>#8] with the results
summarized in Table 8. RESET within 30 ns and SET in =30 ns
were reported 8] long data retention >10° 8,85 107 switching
cyclest”) and Ion/Iopr =10%.5¢ The RS mechanism was attrib-
uted to different processes: Ref. [85] assigned RS in Pt/a-C:H/
metal structures, with the metal top electrode being Cu, Ag
or Au, to the formation and rupture of metal filaments, due
to diffusion of the top electrode metal into the a-C:H film.*%!
Ref. [86] studied RS in a-C:H with TiN as bottom and Cu, Pt or
W as top electrodes, and assigned RS to thermally induced con-
ductive sp? clusters filament formation.®® Ref. [87] attributed
the switching to a sp? carbon CF formation in a TiN/a-C:H/Pt
structure. RESET was achieved by applying the opposite voltage

Table 8. Hydrogenated amorphous carbon-based RRAMs.

polarity to the bottom TiN electrode and attributed to hydrogen
atoms pulled from the Pt top electrode and absorbed by double
bonds in sp? carbon 7]

A limiting factor in a-C:H RS ig the need of a forming step,
where the material needs to be biased at the breakdown elec-
tric field.*%* The breakdown results from a capacitive discharge
current, which can be 10-20 mAB®393] and occurs within a few
ns 28303 Therefore, an on-chip resistor or transistor is needed
to limit the current during forming.®3%! Due to the high cur-
rent density during the forming step, metals from electrodes
might diffuse into the carbon, if the forming is done in a dec-
sweep, instead of an energy-limiting short pulse.5287.295.303|

The influence of other dopants, such ag Co and Cu, was
reported by various groups;?¥73%l gee Table 8. Ref. [297] studied
RS in Co-doped amorphous carbon. They observed non-volatile,
bipolar and reversible RS with Ion/Iopr =25, but good reten-
tion >10° s at room temperature.?*”) RS was attributed to a fila-
ment formed by Co ions created by an electrochemical reaction,
migrating toward the top Al electrode through defects in the
a-C film, forming a conductive path between top and bottom
electrode.?*l Other groupsP*®=3%® investigated RS in Cu doped
catbon. They obtained Ioyn/Iopr = 107 and retention of 10* s at
85 °C and >103 switching cycles.?®l Ref. [300] used a slightly dif
ferent device configuration with both top and bottom electrodes
made of Pt. A forming step was needed. Subsequent set and reget
processes could be achieved at ~+0.7 V and —0.5 V.B® RS was
attributed to the formation and rupture of Cu filaments.?%-30)

Ref. [294] prepared oxygenated amorphous carbon, a-CO,, by
physical vapour deposition. Ref. [294] reported switching times
~40 ng for SET and =4 ng for RESET, with opposite voltage
polarity needed.?*¥l Ref. [294] measured cycling endurance >10*
in devices with W as bottom and Pt, Ti or W as top electrodes,?**!
with Ton/Iopr =5 X 107 during retention measurements up to

Device structure Device size fonflore Set VY] Retention [s]  Endurance [cycles] Critical field [V cm™]  Switching time [ns]  Ref.
Crfa-C:H:(B)/Au - 102 - ~ - 5% 10° - 84]
Pt/a-C:H/Cu (Ag orAu)? 100 prn in diameter >100 1.1 >10° 110 - - [85]
TiN/a-C:H/Cu (Pt, W)® 4911 nm in diameter >10° 4.1 57 600 15 = 30 (set) <30 (reset) [86]
TiN/a-C: H/Pt 0.36to 16 [um?) 100 1.5 10000 @ &5 °C 107 - - [87]

IThe Cu electrode was also replaced by Ag and Au, and the resulting devices also show resistive switching. loy/lorr and switching threshold voltages (V) vary as follows:
tondlore (Cu) > fonflore (Ag) > lonflore (Au) and Ve, > Vi, > Vi PThis report used devices with Cu, Pt or W electrodes. It is unclear which electrode corresponds to the

performances indicated.
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Table 9. ta-C- and a-C-based RRAMs.

MATERIALS
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Device structure Device size tonplorr Set vV Retention Endurance Critical field  Switching Ref.
] [s] [eycles] [V em™ time [ns]
n-Sifa-C/C-AFM tip - 10@80 K 5 3000 20 - - [307)
TiN/a-C (sp?rich)/ =20-30 nm in diameter - =1-2 - Not reversible - - [285]
C-AFM tip (PtSi)
Pt/ta-C/C-AFM tip 8.5 nm in diameter - 12V pulse armplitude - - - 5 (set) [296)
Wta-C/W 150 nm in diarmeter >10° =1-3 - 2.3x1083@75 °C - 10 (set) [286]
1 (reset)
Ag/a-CJCNT 0.001 [um?) 40-200 ~5.4-75 >100 31 - - 290]
Alja-c/Cu = 3 3 105 = = = 291]
Alfta-cpw 2500 [um?] 10 <1 >105 120 - - 287]
Pt/a-C/Cu,Ag 50 x50 [urm?] - 0.18@0 K 10°@85 °C - - - [306]
Pt/a-C/Cu 500 prn in diarmeter 100 0.1 102 - - - [304]
Pt/a-C/Cu 100 prm in diameter >70 1 = 110 - = [305]
Pt/ta-C/W 50-500 nm in diameter 300 08 - - 5% 107 50 (set)  [288,289,301]
4 (reset)

10* s at 85 °C. The RS mechanism was attributed to an electro-
chemical redox reaction leading to the formation of a conduc-
tive carbon filament.”*! The choice of metal electrode material
was crucial for the reset process, with strong dependence on the
electron affinity of the metal electrode.?*!l To make the reduc-
tion reversible, two electrode materials were needed to store and
release oxygen. One with similar electron affinity to carbon, such
as W, and the other with higher electron affinity, such ag Pt.?%I
RS in amorphous carbons with different sp?/sp® ratio was
reported by several groups.P853%-321 RS in sp? rich a-C was
studied in a Si/TiN/a-C devices, using a CAFM as top con-
tact.?® The key parameters of RS devices based on a-C/
ta-C are reported in Table 9. RS was assigned to an electro-
thermally (Joule heating) induced increase in the sp? cluster
size and was non-reversible?’5! RS in a-C was shown to be
polarity independent.2%-3%71 Ref. [306] studied the influence
of the top metal electrode material on RS, and assigned this
to metal filamentation in devices with Cu top electrodes. Pt,
W and Ni top electrodes did not show switching.?%¢! This was
attributed to the less diffusive nature of those metals.r% Data
retention> 10° s,B%l low switching voltage of 0.18 VB! within
pulses of 1 usgB%l [y/Iope =70,% endurance ~1108%! and
device structures down to 50 X 50 um?%! were demonstrated.
Ion/Iopr and endurance are the main challenges faced by
RRAMS based on a-Cs. The issue of a low Ioy/Iopr can be over-
come by using ta-C. Ref. [308] demonstrated high Inn/Iopp in
Pt/ta-C/(SLG)/Au devices. Devices with an interfacial SLG
reached Ion/Iopr =4 X 10° at 0.2 V, while maintaining low
switching power density of 14 W um=.3%I This was attributed
to the reduction of leakage currents due to the low SLG den-
sity of states near the Dirac point.B% Refs. [288,289] explained
the switching in terms of nanoscale sp? filament formation
and rupture through field-induced dielectric breakdown and
thermal fuse effect, i.e. an electrothermally driven set process
and a thermally driven reset process. Low switching voltages of
0.4V for RESET within 10 ns and 1.2V for SET within 50 ns %!
1013 read cycles at 75 °C,P%% >10° s retention®® with device

Adv. Electron. Mater. 2017, 1600195 1600195

sizes of 50 nm diameter”®! and 10* switching cyclesP®®! were
also demonstrated. The presence of multiple resistive states
was reported by Ref. [308]. Multilevel storage is of particular
interest as it allows to store more than one bit per cell, while
the memristive behavior can be exploited to provide a range of
signal processing/computing-type operations, such as imple-
menting logic, providing synaptic and neuron-like mimics, i.e.
circuits that simulate brain-like neurological functions, and
performing analogue signal processing functions, paving the
way for non-von-Neumann architectures, in which processing
and non-volatile storage are carried out simultaneously.313314]

Endurance is one of the major challenges for a-C based
switching devices. A comparative study by Ref. [301] of RS in
ta-C and a-CO, with Pt bottom electrodes and W top electrodes
suggested that, by incorporating oxygen, the endurance could be
enhanced to 40 000, but at the expense of bipolar operation.*%!
In ta-C devices, SET and RESET were achieved with pulses of
50 and 4 ns and switch energies of 15 and 3pJ, while a-CO, could
be set and reset with 40 and 4 ns pulses with switch energy of 2
and 1p], respectively.*®¥ Both, ta-C and a-CO, showed good data
retention of 10* s at 85 °C.2%301

Several groupsPOL30Z3L3L theoretically studied the
switching mechanism in amorphous carbons, and assigned RS
to heat driven sp? clustering and filament formation.

Ref. [303] pointed out that one of the biggest advantages of
carbon-based memory devices might be the high temperature
retention ~250 °C, making them attractive for automotive and
harsh conditions.?® Another advantage of carbon-based mem-
ories ig that devices do not rely on rare mineral extraction, with
easier disposal /recycling, and low total energy production com-
pared to other electronics materials.?*

6. Layered Materials

Non-carbon-based LMs have also been introduced into the
structure of RRAMs, mainly TMDs (like MoS,B5316 and
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MoSe,*'"7l) and h-BN.I'®*l Ref. [318] reported a
RRAM prototype using BP flakes.

TMDs are naturally semiconducting mate-
rials, 1% thus they are not ideally suited for
RRAMs. For this reason, they need to be
functionalized in order to form an insulating
layer.’”l Ref. [320] suggested to combine
TMDs with an insulator (such as polymers)
whereby the TMD would act as dopant of
the insulating layer. In Ref. [320], a stack of
RGO/MoS,-PVP/Al in which the PVP (poly-
vinylpyrrolidone), typically used to assist the
exfoliation of MoS,, became the dielectric
RS-driving layer. The devices were fabricated
using spin coating of the MoS,-PVP solu-

(2]

Monolayer MoS,

MATERIALS
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[ (uA)

tion on the RGO film, resulting on a thick-
ness of 70 nm, and large 0.2 x 0.3 mm? elec-
trodes were thermally evaporated. The RRAM
devices show Ion/Iors =10% Ref. [320] claimed
the switching was due to charge trap and de-
trap of the MoS, embedded in the PVP. How-
ever, others 21322 reported RS also in struc-
tures with pure PVP as active layers, while
Ref. [273] detected RS in RGO. We note that
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Ref. [320] did not provide temperature nor
area analyses, which makes it difficult to dis-
cern if the RS in these devices is a local or dis-
tributed phenomenon. Therefore, the ability
of MoS, to drive the RS is questionable.

Similar studies were developed by Ref. [323]
in a PET/Al/PMMA/MoS,/PMMA/Al stack
and by Ref. [324] for Au/MoS,-PMMA/SLG.
These have Ion/Iorr =10* and 2.5 x 10°
respectively. However the need for a TMD
to be combined with PMMA is doubtful.
Ref. [325] demonstrated that MoS,free
Ag/PMMA/ITO devices can also achieve
reproducible RS (Ion/Iopr =10%), which is
driven by the penetration of metallic ions into the polymer,
leading to a reversible CF through it. The combination of MoS,
and GO resulted in a similar Iy/Iopr =10% for a RRAM device.32!
Ref. [327] produced printable RRAM memories with tuneable per-
formances using Ag/MoS,-MoO,/Ag stacks, with Ioy/Iopr >10°,
retention times >8000s, and non RS degradation after bending
>10" times. As in Refs. [324,326], the RS in Ref. [320] does not
seem to be attributable to the MoS, sheets, which served to
homogenize the interface between the MoO, and Ag bottom elec-
trode. A different approach was reported by Ref. [328], who used
MoS, flakes, also giving RS. In this case, the resistance changes
were attributed to tunnelling across junction barriers. Very
similar devices, but using MoSe, nano-islands, were studied by
Ref. [317], which showed Ion/Iopr =12 and low currents (>1 puA) in
the LRS.

RS driven by MoS, was reported by Refs. [315,316]. Ref. [317]
used three-terminal horizontal devices similar to FETS (see
Figure 12a and b), with a grain boundary (GB) in the MoS,
extending in the channel. Ref. [320] considered different GB
configurations, including parallel and perpendicular to the
channel, as well as intersecting. In all cases, Ion/Iopr >10%

Chemical Society.
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0.0
v, (Volts)

Figure 12. a) Schematic horizontal MoS, RRAM cell with two GBs connected to one of the
electrodes and intersecting at a vertex within the channel. b) Partial I-V characteristics of an
electroformed intersecting-GB memristor (channel length, L = 7 pm) obtained immediately
after electroforming.
current. Inset: Full /-
at a sweep rate of 1V s™" and V, =40 V under vacuum (pressure < 2 X 107 torr). The voltage
was swept in the order 0V — 20V — 0V — —20 V — 0V, as shown by the coloured arrows
with the four sweeps labelled i, ii, iii and iv. Reproduced with permission.*1®l Copyright 2015,
Macmillan Publishers Limited. c¢) Schematic structure of vertical Ag/MoS,/Ag RRAM cell.
d} Typical I-V characteristic of Ag/MoS,/Ag switch at the 15 (red), 500" (green), and 1000
(blue) cycle at room temperature. Reproduced with permission.®®! Copyright 2015, American

The set process occurs at V,,, = 8.3 V with an abrupt twofold increase in
V characteristics of one switching cycle. Measurements were performed

was achieved. RS in these devices was assigned to the motion
of S vacancies in the MoS,, which tend to accumulate at the
GBs.*? However, the reproducibility of this phenomenon was
not firmly established, as Ref. [315] reported only 15 cycles. On
the other hand, Ref. [316] compared two vertical Ag/MoS,/Ag
devices using a 550-nm MoS, film formed by MoS, flakes dis-
persed in propanol and spin-coated on a Ag foil, followed by a
thermal treatment at 130 °C for 12h and 0.1 mm? top electrode
deposition using Ag paste (Figure 12¢ and d). The differences
between the two devices was the MoS, phase, in one case 1T
flakes, and in the other 2H bulk. Despite the methodologies not
being ideal for scaling and integration (deposition of electrodes
by Ag paint using a shadow mask is to be avoided because it
can lead to contaminants at the interface, inhomogeneous
shapes and cracks) the devices using 1T-MoS, showed good
RS behaviour with Ion/Iopr >10° during 100 cycles. Ref. [316]
assigned RS to the migration of Mo and S ions under electrical
field. Ref. [316] also included a modification of this device using
Ag/MoS,/Ag/MoS,/Ag vertical structures, showing the possi-
bility of reducing the current at low voltages (<0.2 V) by negative
differential resistance, which may be useful to avoid sneak path
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Table 10. TMD-based RRAMs.

MATERIALS

www.advelectronicmat.de

Device structure Fabrication method ton/tore Retention Endurance Power consurmption  Transparent  Flexible Ref.
sl [oycles] %)
PMMA-MoS ,/MLG/SIO,/Si CVD (Transfer) 2.5% 10° = o o NO NO 317]
AgfMoSe,/FTO Hydrothermal 12 >50 - - NO NO [B15]
AUMOS,/SIOy/Si oD 10° - - - NO NO 326]
Ag/MoS,/Ag LPE (spin coating) 10° - 10%9 - NO NO [316]
Ag/MoS,-MoO,/Ag Modified =108 - >8000 10 nW NO YES [327]
Langmuir—Blodgett
Al/M0S2-GO/ITO LPE (spin coating) 102 = - = NO NO [326]
RGO/ZIF-8 coated MoS,/RGO  LPE (spin coating) 7 104 1.5%10° - - NO YES (362]
RGO/MoS,-P123 /RGO LPE (spin coating) 5.5% 102 4x10° >50 o NO NO 363]
PET/RGO/Mo0S,-PVP/Al Polymer-assisted =10% - - - NO YES [320]
exfoliation
RGO/MoS,/ITO/Si Hydrothermal 104 5.5 10° = = NO NO [328]

OThis value is not well supported in Ref. [316]. The authors only show the 1%, 500" an

d 1000™ /- curves, and no R vs Cycle or Weibul plot is shown. The top electrodes of

the devices in Ref. [316] are made by drying Ag paint on spin-coated MoS; using a shadow mast. More work is needed to confirm these performances.

currents in crossbar arrays. Nevertheless, none of the MoS,-
based works to date presents a conclusive memristive analysis.
For example, Ref. [316] claimed 1000 cycles, but no variability
analyses (like those, for example, in Refs. [315-317,324]) were
presented (just 3 I-V curves are displayed). More information
on the different TMDs-based RRAMs is in Table 10, including
dependence on critical parameters, such as device area, working
temperature, top electrode material and current limitations
(among others). The RS parameters are still far from those
reported for state-of-the-art TMO-based RRAM memories (see
Table 1).2-31-33)

The use of h-BN in RRAMs is even more incipient. In prin-
ciple, ag h-BN is an insulator,163] if a reversible CF/BD can be
induced through it, the RS behaviour should be more accentu-
ated (larger Ion/Iopr) due to the larger resistivity in HRS (the
congtriction would be more ingulating than in semiconducting
materials). Nevertheless, thig is in principle not an easy task,
as the BD may become irreversible depending on the atomic
structure of the h-BN stack. One should clearly distinguish
between research articles using layered h-BN(1¢3l (see Figure 13c
and d), and those in which amorphous BN was used (Figure
13a and b).’?% Ref. [329] claimed the fabrication of RRAMs
using multilayer h-BN stacks, but the layered nature of the film
is not supported by the cross-sectional TEM images, and the
layer looks more like an amorphous BN film (see Figure 13a
and ¢). Thig is very important because amorphous BN may
not hold the properties of the h-BN stack, such as transpar
ency,?3% flexibility,®*! high thermal conductivity®*?! and high
chemical stability.3¥] Ref. [316] fabricated a family of RRAMs
using h-BN ag RS medium. By tuning the h-BN stack thick-
ness and the #-BN domain size, Ref. [163] achieved forming-
free operation, low switching voltages down to 0.5 V, high
Ion/Topr up to 105, retention times >10 hours and low device-
to-device variability (i.e. deviations of Vgpy/Vrpspr <10%). In
Ref. [163] the RS was attributed to the migration of B atoms
towards the electrodes, ag well ag metallic ions penetration
into the h-BN stack to form and disrupt one/few CFs. These

Adv. Electron. Mater. 2017, 1600195 1600195

atomic diffusions are more abundant at GBs, which are defect-
rich locations (missing bonds, missing atoms, pentagonal/
heptagonal lattices)®3*3%1 that can favour atomic rearrange-
ments at lower potentials (compared to the graing), leading
to a softer BD that may be easier to recover. The formation
of B-vacancies at the GBs of polycrystalline h-BN stacks (see
Figure 13¢) presents an interesting parallelism to O vacancies
at the GBs of polycrystalline TMOs. The key role of GBs in the
RS is supported by the fact that the BD process in single crys-
talline h-BN flakes is an irreversible phenomenon that leads
to the removal of the material 23! with the formation of holes
during a characteristic layer-by-layer BD process. Therefore, it
is unlikely that a perfect single crystalline h-BN would offer
RS capabilities. Ref. [107] investigated a RRAM comprising a
monolayer CVD-grown h-BN flake inserted between the top
electrode and the dielectric of an Al/WO;/Al cell, but the per-
formance was worse than the h-BN- free counterpart (Ion/Iorr
< 10). This is likely because it ig difficult to create CFs in h-BN/
WO, superstructures, i.e. the CF ig only created at large elec-
trical fields that produce the irreversible BD in the A-BN/WO,
stack. Ref. [337] reported indications of RS in layered Ti/h-BN/
Cu stacks (Figure 13d). The devices exploited the Cu substrate
used to grow the h-BN as bottom electrode, avoiding the need
for transfer.?¥l When applying constant voltage stresses (CVS)
at 2.5 V to the devices, the current vs. time (I-) curves show
sudden changes of the electronic resistance (up to 10% similar
to unipolar RS characteristics.**”) A detailed comparison of
the RS capabilities of h-BN-based devices in literature is pre-
sented in Table 11. Ref. [338] also observed unipolar RS transi-
tions in planar nanogap-based h-BN obtained by MC. However,
thus far, the use of planar structures in RRAM technology is
limited due to the difficulty in controlling the rupture kinetics
of the nanogaps, which may result in poor RS endurance and
device-to-device variability. We note that statistical information
of RS in planar devices made of any GRM has not yet been
reported. Moreover, MC ig not a scalable technique. Ref. [337]
reported layer-by-layer BD at the graing by means of CAFM,
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Figure 13. a) TEM image of a CF in amorphous BN. The thinnest region of the CF is at the amorphous BN/Cu foil interface. b} Switching characteristics
of Au/amorphous BN/Cu foil/PET devices. Reproduced with permission.*?¥l Copyright 2016, Wiley-VCH. c) Cross-section TEM image of Ti/h-BN/Cu
stacks. d) -V curve collected in a Ti/h-BN/Cu (5-7 layers thick). Reproduced with permission.l%3) Copyright 2016, Wiley-VCH.

while at the same time measuring reproducible conductivity
changes at the device level, which may be related to the pres-
ence of GBs. As the use of LM-dielectrics provides a flatter
interface to graphene and TMDs than high-k dielectrics,!'7%1%)
RS applications of h-BN should be deeper investigated.

BP is a layered semiconductor prone to degradation when
exposed to atmosphere.?*”! The degradation of the surface
ig generated by the insertion of oxygen groups, leading to a
POy structure.***34l This layer provides RS, as reported by
Ref. [318]. They exfoliated BP using both y-butyrolactone and
isopropanol and the devices were fabricated by spin-coating
on a ITO/PET flexible and transparent substrate, followed by
top circular (500 um in diameter) Ag electrode deposition by
magnetron sputtering using a shadow mask. They observed
that, after some days/months of exposure to atmosphere,
reproducible RS with Ioyn/Iors up to 10°-10* could be achieved
(Figure 14). They attributed this to the formation of Ag conduc-
tive filaments across the oxidized and insulating POy super-
ficial layer. However, Ref., [318] was just a proof-of-concept,
lacking important RRAM parameters, specially variability.
Ref. [119] reported the observation of RS in (PET)/Au/BPQD-
PVP/Ag structures, with Ioy/Iopr >10* and endurance >1100
cycles. Both BP-based RRAM devices!!'**1¥l were fabricated by
LPE and spin coating and showed flexibility. The characteristics
of these two prototypes are summarized in Table 12. None of
these works show endurance analyses. They concentrate on the
proof-of-concept and Ion/Iopp ratio, which makes it difficult to
know the real usefulness of this material in RRAMs.

Adv. Electron. Mater. 2017, 1600195
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7. Discussion, Challenges
and Prospects

The most advanced RRAMs use MIM structures formed
by metallic electrodes (Ti, Au, Ag, Cu, Ni, Pt) coupled with
TMOs (HfO,,* * ALO,* %l TiO,¥” % and TaOy).>"5
RS in metal/TMO/metal structures was first observed
in 1962, and RS-based memories were proposed in
1967.1342 After more than 50 years of research, devices with
high operation speeds (=300 ps per transition),l4115.60
low power consumption (=0.1 p] per transition),*>*! good
endurance (above 102 cycles),B311L316.37.364 [ong  data
retention times (above 10 years),**** small size (down to
10 nm x 10 nm),**?%l and high integration capacity (>1 x 10!
bits cm %)%l have been developed. GRMs were firstly intro-
duced in the structure of RRAMs in 2008,'%* and in less than
a decade the performance of some GRM-based RRAMs proto-
types fits some of the NVM technology requirements (low
operation voltages <1 V;[103251 high switching speeds down to
1 ns,|#73:280.280] endurance >10° cycles,!”®®l and small cell size
(8.5 nm?).12%I

Table 1 compares the best performances reported for TMO-
based and GRM-based RRAM devices. These are similar
for both types of RRAMSs, and in one case (endurance) one
GRM-based RRAM achieved record values. Several GRM-
based RRAMs showed low (<1 V) operating voltages, /103248253
and acceptable switching speeds.?’3%80.28¢ In contrast, the
number of TMO-based RRAMs that fit at least one technology
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Table 11. 4-BN-based RRAMs.

MATERIALS

www.advelectronicmat.de

Structure Fabrication  Bipolar RS under  Forming pro- Vser [V] Veeser [V) longlorr Endurance  Reten-  Bipolar RS Under  Threshold  Ref.
method positive set cess needed Iser [A] Ireset [A] cycles tion time negative set RS
TifhBN/Cu cvD YES NO 0.4V 03V 10 >350 = NO YES [163]
(no transfer)
4x104A  4x103A
Ti/hBN/Cu &%) YES NO 07V 07V 104 >600 - YES YES  [163]
(no transfer)
4xT10°A 102 A
Ti/hBN/CuNi cvD YES YES 0.7V 04V 15 - - NO NO [163]
(no transfer)
4x107*A  2x107%A
TifhBN/CuNi cvD YES YES 6V -2V 106 - - YES NO [163]
(no transfer)
102 A 107 A
Ti/hBN/ITO cvD YES NO 04V 03V 10 >180 = NO NO [163]
(transfer)
2x10*A 102 A
Ti/MLG/ cvD YES YES 23V 0.6V 10 >450 4x10%s NO NO [163]
hBN/MLG/ (transfer)
Au
1072 A 4x102A
Al/hBN/ D - - - = <10 ~80 3x10%s - - (107]
WO;/Al (transfer)
Ag/hBN/Cu/ oD = YES = = 100 550 3x10%s = A 1329]
PETY (no transfer)
Au/Ti/hBN/ D 2 YES = 2 = >100 = = = (329]
Cu? (no transfer)
Au/Ti/SLG/ MC = = = = 10° = 10%s = = 338]
hBN/SIO,/Si

#The layered structure of the BN in Ref. [329] is not well supported. From their cross-sectional TEM it looks like amorphous hBN (see Figure 13a).

requirement is much larger (Table 1 only dis-
plays a selection of them). Therefore, more
work in the direction of GRMs-based RRAMs
is necessary.

7.1. Fabrication

The fabrication methods used for GRMs-

based RRAMs should be improved. For
example, one of the best endurances
reported for RRAMs exploiting non-carbon
GRMs (10° cycles in Ag/MoS,/Ag)*'% was
observed using Ag foils as bottom electrode,
and top electrodes deposited with Ag paint
and MIM cell size =0.1 mm? These pro-
cesses/parameters are not compatible with

industry, and the knowledge extracted from

a i b
21E—6
b
£ f
3 1E9 o
heavy bent
BP-IPA P
2 0 1 2 u
— Voltage (V)
c d |
_ 1E-5§
$ 1E-6 g !
3 1E9 flat 3 I
r
eavy ben 1e-10f BP-GBL
BP-GBL /\ 3 months
= 0 2 2 0 1
Voltage (V) Voltage (V)

Figure 14. a) Schematic illustration of RRAM-BP cross-section. [-V characteristics for the
RRAM-BP device for b) BP-IPA, and ¢) BP-GBL, in flat and bent conditions. d) Typical I~V
curves obtained for repeated voltage sweeping cycles in the RRAM-BP devices fabricated with

BP-GBL. Reproduced with permission.1®l Copyright 2016, Wiley-VCH.
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such works may not be applicable to ultra-
scaled (state-of-the-art) RRAMs. Future work
in GRMs-based RRAMs should concentrate
on the use of industry-compatible method-
ologies (e.g., for the deposition of electrodes
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Table 12. BP-based RRAMs.

MATERIALS

www.advelectronicmat.de

Device structure Fabrication method fon/lorr Retention time Transparent Flexible Ref.
Al/TDL/BP/ITO/PET LPE (spin coating) ~3x105 10°s NO YES [318)
(PET)/Au/BPQD-PVP/Ag LPE (spin coating) 6x 104 1100 s NO YES o

evaporation/and/or sputtering are preferred) and smaller device
sizes (so that they can be applicable to nanosized devices).

Furthermore, in most works using transferred SLG as
interface electrode (see, e.g, Table 2) the device size is very
large (>8000 wm?). Under such large areas, it is common
that SLG layers show cracks, especially after transfer.[16516?)
As the transversal electrical resistance of the MGI junction
(non-cracked region) is larger than that of the MI one (at
the cracked region) %171 and because the forming/BD is a
stochastic process that takes place at the electrically weakest
location of the area under stress (less insulating),343344]
CFs in these devices are more prone to be formed at SLG
cracks. Moreover, as the currents measured through the
devices (especially in LRS) are mainly driven by the CFs, the
I-V characteristics of many RRAMs using transferred SLG
may refer to these nanosized MI junctions, and they may
not be representative of the MGI structures under study.
Ref. [217] reported that the insertion of SLG electrodes in
TMO-based RRAMs reduces the HRS current by 1-3 orders
of magnitude due to an increase of the out-of-plane resist-
ance (non-cracked regions). Since the endurance and reten-
tion times are related to the CF properties, the presence of
cracks should have a major influence. Future works using
transferred SLG should prove that no cracks are pregent. One
route could be to reduce the device area, which lessens the
probability of finding a crack. Another option is to use MLG,
which presents fewer cracks and is more resistant to mechan-
ical fractures during transfer.'?l

Many GRMs-based RRAMs works based on polymer-scaf
fold-assisted transfer did not evaluate the presence of resi-
dues on the GRM surface after polymer removal. These may
decrease the device size, given their higher thickness >10 nm
and insulating nature.}*! This process is random, but can
be reduced by using better cleaning processes,'7?l which
may result in device-to-device variability.'3>-137] Future works
should include nanoscale surface characterization techniques,
such as topographic AFM maps. Including annealing treat-
ments after transfer to remove rests of polymer may be an
option.

Therefore, GRM transfer should be avoided when possible,
not only due to device performance concerns, but also because
it glows down the fabrication process (making it more expen-
sive). The ideal golution would be to develop transfer-free pro-
cesses, but the direct growth of GRMsg on TMOs is a longer
term goal. The use of insulating LMs as RS medium is pre-
ferred because, first, they do not need transfer,/'3 and, second,
the absence of cracks can be corroborated by the observation of
a forming and/or set process.*°l Recent works on CVD-grown
h-BN report transfer-free RRAM devices, 1329 but they still
use metallic foils. The direct growth of GRMs by CVD (or any
other scalable technique) on metal coated flat wafers is highly
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desirable. Another option ig to use LPE GRM insulators that
can be gpin coated on arbitrary substrates, but that may present
variability, given their large roughness (typically =20 nm) 34
much larger than flat GRMs prepared by CVD. The use of
coating methods that reduce the roughness below 1 nm is
necegsary. Note that the roughness of TMOs for RRAM (usually
grown by ALD) is =0.2 nm. 56213

7.2. Characterization

Many papers on GRM-based RRAMs only focug on RS proof
of-concept, showing acceptable >10? Ion/Iops in very large
>1 mm? devices.'?¢31% Information on the number of devices
tested in each work and variability analyses is missing. Usually
the reports do not concentrate on the study of the technology
requirements (note that high Ion/Iopr is not a technology
requirement, i.e. just one order of magnitude is enough to
reliably distinguish HRS and LRS).P! For example, we did not
find GRM-based RRAM works giving the power consump-
tion in units of energy (Joules) per transition, which is what
is demanded by industry.?! Similarly, most GRM-based RRAMs
works do not focus enough on the switching times (e.g. detailed
zoomed in plots at the set/reset transition are often missing).
Sometimes, endurance and retention plots are shown, but
the values (<10* cyclesP>! and >107 5,2 respectively) are still
insufficient to meet industry requirements.” The only paper
showing excellent switching times and power consumption
(Ref. [286], Table 1) comes from industry. Future works should
study several device parameters, such as RS medium thickness,
electrode material and CL, ag well ag provide information on
endurance, retention, temperature, and variability analyses per-
formed with a probe-station, ag well ags modelling and CAFM.
The use of CAFM to demonstrate the switching between HRS
and LRS in some GRM-based reports is very deficient, as no
statistical analyses of the current/size of the CFs are provided.
The methods for a correct characterization of RS using CAFM
are described in Ref. [35]. Similarly, the structure of LMs-based
RS is often not well supported, as explained in Figure 13. Fur-
thermore, the electrical stresses applied to most devices (I-V
curves) are suitable only for proof-of-concept, but real devices
work under fast (<10 ns) voltage pulses.**l

Many GRM-based RRAM reports do not present vari-
ability analyses (just typical values are shown), which raiges
concerns on the reliability and reproducibility of the results.
Device-to-device variability was rarely reported (see, for
example, Ref. [163]). In the future, more information about the
dispersion of Vggr and Viggr in groups of more than 20 devices
is needed. The inclugion of atomistic simulations and physical
modelling to further complement the experimental observa-
tions is also necessary. For example, the QPC model P one
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of the most widespread for studying the different conductance
levels in HRS and LRS in RRAMs P%52%! has been used in very
few GRM-based devices.[163.308]

7.3. Technology Viability

The number of TMO-based RRAMs reporting performances
above the technology requirements is much larger than for
GRM-based ones. For this reason, TMO-based RRAMs are
more reliable and (still) superior to GRM-based RRAMs. More-
over, as for TMO-based RRAMs, there is still not a GRM-based
RRAM fitting all technology requirements simultaneously,
indicating that more research is required. Nevertheless, the
faster optimization speed of GRM-bagsed RRAMs as well as the
superior electronic,”® physical,””! chemical,”®l mechanical 7%
optical,®” magnetic®!l and thermal® properties.®? of GRMs
(compared to TMOs) are strong arguments to further explore
this technology.

8. Conclusions

GRMs have been introduced in the structure of RRAMs with
the objectives of i) enhancing their performance as NVM
(endurance, retention, switching time, power consumption,
operation voltages) and ii) provide additional capabilities
(flexibility, trangparency, chemical stability, heat digsipation).
Graphene can be used ag electrode to provide flexibility and
trangparency, and/or as interface layer between electrodes
and RS medium, to decrease the cycle-to-cycle variability, by
avoiding atomic diffusion between electrode and insulator.
This can reduce the power consumption due to its high out-of-
plane contact resistance (compared to metallic electrodes), and
suppress surface effects by avoiding chemisorption and/or
photodesorption. Surface band bending may allow one to tune
the properties of the devices by functionalization, reducing the
thickness of the electrodes and improving the three dimen-
sional stackability. GO, a-C, TMDs, h-BN and BP can be used
as active RS media to induce the resistivity changes either
by migration of intrinsic species (such as oxygen in GO and
sulfur in MoS;) or by penetration of metallic ions from adja-
cent electrodes. Graphene is usually produced by CVD and
inserted in RRAMs by polymer-assisted transfer. When using
h-BN as RS medium, the standard transfer can be avoided,
and the catalyst substrate for CVD growth can be used as
bottom electrode. GO and BP are usually produced by LPE
and spin coated on a conductive wafer, which serves as bottom
electrode. TMDs have been inserted in RRAMs either by CVD
plus transfer or LPE plus gpin coating. In all cases, top elec-
trodes can be easily fabricated using an evaporator/sputtering
coupled with standard photolithography.

GRMs-based RRAMsg have shown reproducible unipolar
and bipolar RS with high Ion/Iopr >10° low operating volt-
ages <1V and fast switching times (<30 ns). In most reports
the switching is attributed to the formation/disruption of
CFs in the RS medium, and the atomic rearrangements in
each state transition are related to the movement of intrinsic
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gpecies and/or penetration of metallic ions from adjacent
layers, showing parallelism with TMO-based RRAMs. GRMs
have also been mixed/embedded with polymers, nano-
particles, nanorods and quantum dots in order to enhance the
performance (mainly retention and endurance), but in many
cases it is unclear what the real need/usefulness of the GRMs
are. Degpite all efforts, NVMs technological requirements
like endurance >10° cycles and data retention >10 years still
remain a challenge. Only one report using a-C as dielectric
demonstrated excellent endurance >10° cycles, and we are not
aware of any GRMs-based RRAM showing retention times
>10 years. From the point of view of flexibility, GRM-based
RRAMs can hold RS under more than >10° bending stresses
with radius down to few mm (no technological requirements
in this sense have been established). Moreover, GRM-based
RRAMs with transparencies >92% have been reported. The
benefits of other GRM properties (such as high chemical
stability and thermal heat dissipation) on the performance of
RRAMSs have not been discussed.

Most RS studies in GRMs concentrated on proof-of-concept
demonstrations using large area (>2000 um?) devices, which
makes it difficult to extrapolate to real ultra-scaled RRAMs.
Future GRMs-based studies should use smaller sizes (<1 pm?),
focus on demonstrating performances (i.e. endurance, reten-
tion, switching time and power consumption) above the NVM
technology requirements, and include reliability and vari-
ability analyses. The use of atomistic simulations and model-
ling to support/explain the experimental observations is also
necessary.

The fact that GRMs-bagsed devices already fit some
NVM technology requirements (operating voltages, endur-
ance and switching times) makes this field worth of further
investigation.
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Chapter 5:

Conclusions and perspectives

In conclusion, during this PhD thesis | have learned how to grow high quality
and large area h-BN stacks with different thicknesses using CVD method. This skill is
very important because h-BN is a very demanded material, and because CVD is a
method that can be used to grow many other 2D materials. | also learned how to transfer
the 2D materials on target (arbitrary) substrates using three different methods (wet,
bubbling, and roll-to-roll transfer). I also learned how to analyze the properties of 2D
materials using different equipment (e.g. CAFM, SEM, Optical microscope, Raman and
TEM). Moreover, | also fabricated h-BN based capacitors and memristors using
photolithography, thermal evaporation, E-beam evaporation and sputtering, and |
analyzed the properties of the devices using a probestation. Theoretical modeling and
fittings (carried out with the help of my collaborators) helped me to understand the

functioning of the devices. Overall, the main conclusions of my work are:

o Monolayer and multilayer h-BN can be grown by CVD on Pt, Cu and Fe
substrates. The main parameters affecting the growth of the h-BN are: i) a proper
temperature determines the decomposition of the precursor. Temperatures below a
threshold value produce remaining particles and more defects in h-BN stack. ii)
The flow rate of precursor/H: influences the density of seeds. Excessive precursor
produces multilayer h-BN islands. iii) High vacuum and low pressure help to
remove impurities in the tube furnace (e.g. oxygen, carbon), and therefore it

produces better quality h-BN, i.e. uniform thickness with less defects.
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h-BN sheets grown on polycrystalline Pt substrates show different thicknesses
depending on the crystallographic orientation at the surface of each Pt grain. This
produces an undesired fluctuation on the leakage current from one Pt grain to
another. However, the leakage current across the h-BN on the same Pt grain is
very uniform, much more than that observed across amorphous HfO2 and TiO-
thin films. This phenomenon doesn't take place when growing the h-BN on Cu
substrates. For example, the leakage current across h-BN grown on Cu substrates
display small current variability among different Cu grains.

The dielectric breakdown behavior in multilayer h-BN shows surface extrusion,
similar to what happens in SiOz, HfO> and AlOs. However, monolayer h-BN
keeps unaltered its structure even for harder breakdown events. The reason may
be the extremely high thermal conductivity of monolayer h-BN.

Multilayer h-BN shows random telegraph noise signals when applying constant
voltage stresses, both at the device level and at the nanoscale. This strongly
indicates the trapping and de-trapping of charges during the stress. This
observation has been confirmed by the detection of charges at the dielectric
breakdown location. The breakdown spot shows a singular ring-like structure that
contains fixed negative charges, mobile negative charges, and positive fixed
charges.

The synthesis of h-BN on polycrystalline Fe substrates required longer cooling
down times than when using Pt and Cu substrates. The reason is that the growth of
h-BN on Fe substrates mainly takes place by surface precipitation mechanism,
while on Pt and Cu substrates the mechanism is by surface-mediated reaction.
Memristors with Ag/h.BN/Fe structure show threshold resistive switching when

the set is induced by applying positive voltage to the Ag electrode, and bipolar
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resistive switching when the set/reset processes are induced by applying
negative/positive voltage to the Ag electrode. The reason should be that in
threshold mode the filament is formed by Ag® ions that penetrate in the h-BN
stack, while in bipolar mode Fe™ ions penetrate in the h-BN stack. Ag* ions show

higher diffusivity than Fe™ ions and produce volatile switching.

Apart from the technical skills gained from the experiments, during my PhD |
have made a huge effort on literature revision and knowledge organization. In my case
this contribution is bigger than in other PhD thesis, as | have written two extensive
review papers with, in total, more than 543 references. In the first one, published in
Microelectronics Engineering, | analyzed the status of h-BN as dielectric in electronic
devices (prior to this PhD thesis). And in the second one | analyzed the use of 2D
materials in resistive switching devices. This second review paper has been written in
collaboration with Prof. Andrea Ferrari from University of Cambridge, and has been
highlighted as front cover in Advanced Electronic Materials. This has given me a very
wide vision on the use of 2D materials as dielectric, which is a skill that I wish to
exploit in the future.

Future works in this direction should conduct RS studies in smaller devices,
using cross point structures and the CAFM. Statistical analyses about the dielectric
breakdown voltage and time in real devices are necessary. Analyzing the leakage
current across the domain boundaries of the h-BN would be interesting to understand
potential weaknesses of the material. Several parameters related to the dielectric
breakdown process, such as charge-to-breakdown should be also analyzed. The most
important characterization study would be to describe the performance of h-BN at high

temperatures, as well as to observe the relationship between thermal conductivity and
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the degradation. However, the biggest improvement would be to grow h-BN using a
single seed. This method has been used in the past to grow graphene, but it has never
been applied to h-BN. In addition, not only h-BN but also other 2D insulating material
(like graphene oxide, black phosphorus) should be explored and studied as dielectric.
The range of possibilities is very wide, and the experiments and findings that will come

in the next years very exciting !
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Appendix B: Summary in official language

En resumen, durante esta tesis doctoral he aprendido a crecer capas de h-BN de
alta calidad y con diferentes grosores utilizando el mé&odo CVD. Esta habilidad es muy
importante porque h-BN es un material muy demandado, y porque CVD es un mé&odo
que puede ser utilizado para crecer muchos otros materiales bidimensionales. También
he aprendido a transferir materiales bidimensionales sobre cualquier otro substrato
utilizando tres mé&odos diferentes. También he aprendido a analizar las propiedades de
los materiales bidimensionales utilizando mUtiples equipos (como por ejemplo CAFM,
SEM, microscopio ptico, Raman y TEM). Adem& he fabricado condensadores y
memristores basados en h-BN (utilizando fotolitograf &, evaporacicn de metal t&mica,
evaporacicn de metal por haz de electrones, y sputtering) y he analizado las propiedades
de los dispositivos utilizando una tabla de puntas. El uso de modelos te&icos y ajustes
(realizados con ayuda de mis coautores) me ha ayudado a entender el funcionamiento de

los dispositivos. Las principales conclusiones de mi trabajo son:

o h-BN monocapa y multicapa pueden ser crecidos mediante CVD sobre sustratos
de platino, cobre o hierro. Los principales parametros durante el crecimiento son: i)
una temperatura adecuada para la decomposicicn del precursor. Bajas
temperaturas producen la acumulacién de part Tulas y m& defectos en la capa h-
BN. ii) EIl ratio precursor/nitrégeno influencia la densidad de semillas. Una
cantidad excesiva de precursor producirala formacié de islas multicapas. iii) Un
alto vac D y una presicn baja ayudan a eliminar las impurezas dentro del tubo
CVD (por ejemplo carb&, ox meno) y por lo tanto mejora la calidad de la capa h-

BN (es decir, produce un grosor m& homogeneo y con menos defectos).
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Las capas h-BN crecidas sobre sustratos de platino policristalino muestran
diferentes grosores dependiendo de la orientacicn cristalogr&ica de cada cristal de
platino. Esto produce una (indeseada) fluctuacian de la corriente de fugas a traves
del h-BN. Sin embargo, la corriente de fugas a través de la capa h-BN dentro de
un mismo cristal de platino es muy uniforme, mucho m& que a través de capas
amorfas de HfO y TiO,. Este fen@meno no se observa si el h-BN se crece sobre
sustratos de cobre o hierro. Por ejemplo, la corriente de fugas a través de h-BN
crecido sobre sustratos policristalinos de cobre muestran una baja variabilidad de
un cristal de cobre a otro.

La ruptura dielétrica de h-BN multicapa muestra una extrusicn de la superficie,
muy similar a lo que sucede en SiO,, HfO. y Al>Os. Sin embargo, las monocapas
de h-BN mantienen su estructura incluso cuando la ruptura diel€etrica es mucho
m& brusca. La razéh podrk ser la elevada conductividad té&mica de las
monocapas de h-BN.

Las multicapas de h-BN muestran fluctuaciones de corriente entre dos estados al
aplicar una tensicn constante, tanto a escala nanomérica como a nivel de
dispositivo. Esta observacicn indica que existe atrapamiento y desatrapamiento de
carga. Este fendneno ha sido confirmado mediante la deteccidn de cargas
atrapadas en el punto de ruptura, el cual muestra una singular estructura de anillo
con cargas fijas negativas, cargas mdviles negativas, y cargas fijas positivas.

La s mtesis de h-BN sobre sustratos de hierro policristalinos requiere un tiempo de
enfriamiento (durante el proceso CVD) mucho m& elevados que sobre sustratos
de platino o cobre. La razcn principal es que el mecanismo de crecimiento es
distinto, sobre hierro la capa h-BN crece por precipitacicn, mientras que sobre

platino o cobre crece por reaccicn con la superficie.
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o Los memristores con estructura Ag/h-BN/Fe muestran modulacicn de la
resistividad de tipo vol&il cuando la ruptura dieléetrica es generada aplicando
tensicn positiva en el electrodo de plata, y de tipo bipolar cuando la ruptura
dieleéstrica y la recuperacicn son generadas aplicando tensiones negativa y
positiva (respectivamente) en el electrodo de plata. La raz&n es que en modo
voldil el filamento estaformado por iones de plata que penetran en la capa h-BN,
los cuales tienen una alta difusividad y pueden retroceder a su estado de reposo
cuando la tensicn es desactivada. En el caso del modo bipolar, los &omos que
forman el filamento son de hierro, que tienen una menor difusividad, y por lo

tanto requieren la aplicacicn de una tensicn extra para romper el filamento.

A parte de las habilidades ténicas adquiridas durante los experimentos, durante
el desarrollo de esta tesis doctoral he hecho un esfuerzo muy importante en revisar la
literatura relacionada y organizar la informacién. En mi caso, esta contribucicn es
mayor que en otras tesis doctorales, ya que he escrito dos art tulos de revisidn, y en
total he estudiado m& de 543 arttulos. En el primer artTulo, publicado en la revista
Microelectronics Engineering, he analizado el uso de h-BN como dielé&trico en
dispositivos electrénicos (estado previo a esta tesis). Y en el segundo he analizado el
uso de materiales bidimensionales para memristores. Este segundo art tulo de revisicn
ha sido escrito en colaboracién con el profesor Andrea Ferrari de la Universidad de
Cambridge, y ha sido seleccionado como portada en la revista Advanced Electronic
Materials. Esto me ha dado una visicn muy amplia sobre el uso de materiales
bidimensionales como diel&trico, que es una habilidad que espero explotar en el futuro.

Futuros trabajos en esta direccicn deber Bn concentrarse en el estudio del

fendneno de modulacid de la resistividad a escala nanomérica, utilizando dispositivos
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m& pequerds y el CAFM. Se deber &n realizar andisis estad sticos de la tensicn y
tiempo de ruptura en dispositivos reales. Ser R también interesante estudiar la corriente
de fugas a través de las fronteras de grano en el h-BN, y astpoder comprender sus
potenciales puntos déviles. Algunos parametros relacionados con la ruptura diel€etrica,
como la carga de ruptura deber&n ser analizados. El parametro m& importante a
analizar es la influencia de la elevada constante té&mica del h-BN en la ruptura
dielétrica, y también el comportamiento de este material a altas temperaturas. Sin
embargo el avance m& significativo ser & poder crecer capas de h-BN con una semilla
Unica. Este méodo ha sido utilizado anteriormente en el crecimiento de grafeno, pero
nunca antes en el crecimiento de h-BN. Adem&, otros materiales bidimensionales
(como el &ido de grafeno y el fosforeno) deber &n ser estudiados desde el punto de
vista dielétrico. El rango de posibilidades es muy amplio, y los experimentos y

hallazgos que vendrén en un futuro ser& muy excitantes !
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Appendix C: List of acronyms

2D Two dimensional

3D Three dimensional

BD Dielectric breakdown
CAFM Conductive atomic force microscopy
c-BN Cubic boron nitride

CVvD Chemical vapor deposition
F1 Tube line 1

F2 Tube line 2

FETs Field effect transistors
FIB Focused ion beam

h-BN Hexagonal boron nitride
HRS High resistive state

-V Current vs. voltage

LPE Liquid phase exfoliation
LRS Low resistive state

MBE Molecular beam epitaxy
MIM Metal/insulator/metal
NVMs Non-volatile memories

P Pressure

PVD Physical vapor deposition
RS Resistive switching

RT Room temperature

RTN Random telegraph noise
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SEM Scanning electron microscopy

SILC Stress induced leakage current
SiO; Silicon dioxide

Ta Annealing temperature

ta Annealing time

tc Cooling down time

tc Growth time

Te Growth temperature

TEM Transmission electron microscopy
TMOs Transition metal oxides

TMDs Transition metal dichalcogenides
UHV Ultra high vacuum

w-BN wurtzite boron nitride
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