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But nevertheless, we now have a much
more humble point of view of our physical
laws—everything can be wrong!

Richard Feynman, Lectures on Physics



To my sister Giulia



Supervisor’s Foreword

Modern life would not be the same without the ubiquitous presence of electronic
devices connecting us to society, actuators, and sensors facilitating our life and
available at our fingertips for complex operations and calculations. Driven by the
dynamics of Moore’s law, continuous downscaling of nano-electronic components
and systems is pursued leading to an ever-increasing complexity of
micro-electronics devices and systems. At the heart of every system resides a
storage system (“memory”) which is subjected to the same scaling laws in terms of
reduced dimensionality and increased complexity. Although in this field, various
requirements such as speed, power, size, etc., co-exist, modern society has become
extremely dependent on non-volatile data storage for consumer (music, photo, data)
and professional applications (data storage, encryption, access codes). Hence,
research in advancing the state of the art in (non-volatile) memories and the
exploration of novel concepts, which can be scaled further than present technolo-
gies, has drawn considerable academic and industrial attention. The required
technological developments are extremely challenging and can only be reached if
supported with profound physical insight and understanding. As such, paraphrasing
Henry Marks (1829–1898, “Science is measurement”), metrology apt to deal with
such novel developments is essential to pave the way to success.

Within this thesis U. Celano has focused on establishing metrology towards
unraveling the physical and electrical properties of the emerging resistive memory
devices. Resistive memory devices are based on the creation/dissolution of
nanoscale filaments (1–2 nm) which are induced by atom (or vacancy) migration
under the influence of an electric field. Fundamental insight in their operational
principle (formation and dissolution of the filament, conduction within the filament)
was linked to the nanoscale observation of the filament shape, conductivity,
structure, dimensionality, and evolution depending on material systems and elec-
trical probing and resetting sequences. The whole switching process is based on
solid-state electrochemical reactions occurring in very confined volumes.

The important contribution of Umberto Celano is the development of a novel
scanning probe microscopy concept termed SPM tomography or Scalpel SPM.
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Through this development the first direct observations of the 3D shape, size, and
electrical properties of the nanoscale filaments have been obtained. These nanoscale
observations created insight in the entire filament formation mechanisms and the
balance between field-induced atom migration and neutralization enabling to link
apparently controversial observations of filament shapes from the literature into one
consistent theory. Moreover, a close correlation was established between the
physical phenomena of filament formation and the dissolution with device char-
acteristics (low resistive state, high resistive state, switching mechanisms, and
reliability).

In addition, Umberto investigated the ultimate scaling prospects of such devices
by exploiting the SPM-tip as a nanoscale electrode enabling to create, observe, and
manipulate these filaments. Based on his observations, U. Celano could demon-
strate that the scaling of RRAM devices can be achieved well below the sub-10 nm
regime.

In summary, U. Celano has devoted his work and dissertation in the unraveling
of physical and electrical properties of emerging resistive memory devices with an
emphasis on the fundamental insight on the operational principles on the nano-
scopic scale and the link to the fabrication processes. As the research lingers at the
borderline of fundamental physics (studying field-induced atom migration and the
impact on electrical conduction of solid-state ionic) and engineering (creating new
device concepts and novel 3D metrology concepts), it represents a cornerstone for
future developments in this field as represented already by many invited papers and
presentations of U. Celano. The scalpel metrology is an important step forward in
3D metrology with already demonstrated applications in other areas such as logic
devices, interconnect, etc.

Leuven, Belgium Prof. Wilfried Vandervorst
March 2016

x Supervisor’s Foreword



Abstract

The ionic movement in thin films can induce structural changes involving the local
conductivity of the material. Filamentary-based resistive switching cells represent
an intriguing emerging class of electronic devices, using ion migration to create or
dissolve nanoscale conductive filaments in insulating materials. The change in the
resistance state of such materials can be used to store a logical bit or to compute
nonconventional logic in ultra-scaled devices.

However, tuning the non-volatile internal state of a sub-20 nm device by dis-
placing ions in the space can turn into a difficult task. In such conditions, the
transport of ions lies at the boundary between classical physics and quantum
mechanics. The whole switching mechanism is based on solid-state electrochemical
reactions happening in confined volumes (tens of nm3). This has created a gap
between physical understating and devices experimental results.

This Ph.D. work targets to relate resistive switching with the related nanoscopic
fundamental mechanisms. Establishing a correlation between the device and the
observed physical effects is the first step toward the understanding and the engi-
neering of new devices. By using scanning probe microscopy (SPM) methods we
create, observe, and manipulate conductive filaments (CFs). We characterize the
fundamental switching mechanisms at nanoscale for cation- and anion-based
resistive switching memory devices. We leverage the probe–sample interaction in
order to investigate the RS phenomena in the sub-10 nm regime. The generated
fundamental understanding on the filament formation and rupture is transferred to
the integrated memory cells that we characterize in three dimensions under real
operative conditions. This is enabled by an AFM-based tomographic technique
named scalpel SPM, which is developed for the characterization of ultra-confined
volumes. The extreme high resolution and the precise force control of the AFM is
combined to a sub-nm material removal method. The technique has a spatial res-
olution below 5 nm for the electrical characterization of ultra-confined volume
(�100 nm3).
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Chapter 1
Introduction

Filamentary-based resistive switching cells have a unique characteristic: their elec-
trical resistance can be altered by applying an electrical voltage. This process is
reversible and can be repeated millions of times. In other words, they have an ON
andOFF state. This enables digital information to be stored e.g. a distinguishable “1”
and “0”. Resistive switching (RS) devices can be switched rapidly, consume little
energy andmaintain their state event after longperiods of timewith no external power.
Most of the remarkable properties aforementioned, relay on mobile ions. Similarly
to a battery, ions move back and forth between two electrodes in a solid electrolyte
(e.g. a metal oxide) only few nanometers thick. This poses severe limitations to the
existing observation techniques, and thus to the fundamental comprehension and
exploitation of the phenomena. For long time, although a strong theoretical frame-
work has described the resistive switching operations, the direct observation of the
ionic filaments was impossible, creating gap between physical understanding and
device experimental results.

This dissertation focuses on the creation, observation and manipulation of nano-
sized conductive channels; whose tunable conductivity is at the foundation of RS
memory and logic applications. Confined in few hundreds of nanometers cubic, these
conductive filaments (CFs) are the result of ionmigration and nanoscaled redox reac-
tions in solid electrolytes. The resistancemodulation, i.e. resistive switching, induced
by the presence/absence of a CF in the solid electrolyte is used to encode the bit of
information. The results of this PhD thesis embrace the fundamental physics and
the practical applications of RS. Experimental methodologies based on electrical
scanning probe microscopies (SPM) are used to form, characterize and manipulate
CFs at the nanoscale. The possibility to relate the macroscopic resistive switching
with the nanoscopic fundamental mechanisms is the main goal of this study. This
is achieved by two- and three-dimensional electrical characterization of confined
volumes with nanometer spatial resolution, leading to two major outcomes. First,
enhanced understanding on the filament growth dynamics for the filament formation
and dissolution. Second, application of the generated insights on the optimization of
high performance devices for logic and memory application.

© Springer International Publishing Switzerland 2016
U. Celano, Metrology and Physical Mechanisms in New Generation
Ionic Devices, Springer Theses, DOI 10.1007/978-3-319-39531-9_1
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2 1 Introduction

1.1 Nonvolatile Memory for Sub-15 nm Node

At the time this is book is written, memory devices store information in the charge
state of a capacitor [1]. The presence or absence of charges represents logic “1”
or “0”. Today’s computing hierarchy is based on volatile and nonvolatile data stor-
age devices, providing an optimal trade-off between cost and performances [1]. A
memory is said volatile when its storage mechanism does not retain the data if the
power supply is disconnected. In contrast, nonvolatile are those memories capable
of retaining data in absence of continuous power supply. Traditionally, the region of
memory closest to the processor core is accessed frequently, and therefore it requires
the fastest operation speed possible. This is achieved by static random access mem-
ory (SRAM) which uses the state of a logic circuit (e.g. a latch element) to store the
data. One SRAM cell is made of six transistors which implies large chip area and
therefore high costs [1, 2]. Other levels in the memory hierarchy are optimized for
storage capacity and speed (Fig. 1.1). The random access memory (RAM) and the
nonvolatile flash NAND for storage are located in a separated chip far away from the
processor and they are cheaper slower and denser. Dynamic random access memory
(DRAM) is composed of a single capacitor with one plate grounded and the other
connected to the source of a pass-gate transistor. The main advantage is the higher
density achievable due to the use of only one transistor, but it is also volatile. The
charge pushed into the capacitor decreases over time (normally � 1s) leaking away
drained from the off-current of the transistor and needs to be periodically refreshed.
Finally, flash memory stores the information in an array of cells made of floating-
gate-transistors [3]. The threshold voltage shift induced by the charges trapped in
the floating gate enables the storage of 2 even 3 bits per cell. NAND flash cell is a
nonvolatile memory, it is slower than SRAM and DRAM but provides the smallest
usage of chip area. For over 30 years SRAM, DRAM and flash NAND have been
the workhorses of the memory hierarchy [1, 3]. With continuous downscaling today

Fig. 1.1 Memory hierarchy. Illustration of the current memory hierarchy, comparing costs, design
and latency for different memory devices. The remarkable latency gap of nonvolatile memory is
shown (gray shadow), as most of the emerging memory concepts are targeting to high density and
high speed
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DRAM chips are available up to 8Gb densities in a 25nm technology node while
Flash has reached 16nm half pitch dimension, yielding 128Gb on a single chip with
2 or even 3 bits per cell. Both types of memory are facing scaling issues and it would
not be possible to scale them down below the 15nm technology node [4].

In the meantime three-dimensional (3D) architectures like FinFETs have been
successfully introduced in logic to overcome the scaling limitation of classical metal-
oxide-semiconductor field-effect transistor (MOSFET) [5]. Thus 3D architectures
and stackable alternatives have been proposed also for memory [6]. For DRAM
a viable solution is a 3D stacking, where different DRAM dies are stacked and
connected using through-Si vias (TSV). This concept referred as hybridmemory cube
is an interestingway to scale on performance and power and introduces the possibility
of logic functions directly on the memory chip. In the case of Flash the 3D transition
involved the redesign of the device architecture, stacking vertically the charge trap
memory cells [7]. This introduce a real “bit cost scaling” and functional devices with
32 cells, yielding 1 TB solid state drives (SSD) already on the market. 3D Flash
using 64 layers has been already announced and will provide even higher density at
reduced costs. Thanks to the aforementioned solutions the computer hierarchy as we
all know it is expected to be extended for another decade.

However in the last 15 years, researchers have started exploring the possibility of
new memory concepts [8]. Motivated by the creation of a “universal-memory” they
have focused on solutions capable of merging the high density and non-volatility of
Flash with the high endurance and high speed of DRAM [9]. Many new concepts
have been explored to mitigate the large latency gap of flash (Fig. 1.1). In this quest
many non-charge based alternatives have been proposed. Among those, promising
candidates are: phase change memory (PCM) [10], spin-transfer-torque magnetic
random access memory (STT-MRAM) [11], vacancy modulated conductive oxide
(VMCO) [12], conductive bridge randomaccessmemory (CBRAM) [13] andvalence
changememory (VCM) often referred as oxide resistive randomaccessmemory [14].
They are all non-charge based devices as they exploit different solutions to store the
logical bit. PCM relies on an amorphous-to-crystalline phase transition, STT-MRAM
uses a magnetic tunnel junction with tunable magnetization, CBRAM and VCM are
based on ionic movement e.g. conductive filament formation. They are all referred
as resistance-based or resistive switching devices because the bit is stored in the
form of device resistance. Today, the “universal-memory” concept has been widely
abandoned, researchers have realized that the advent of portable/mobile devices and
more recently cloud computing, wearable electronics and big-data analytics requires
an application-driven memory design. In other words each level of the memory
hierarchy is going to be optimized for its specific requirement and will use the proper
memory technology.
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1.2 New Applications, New Needs and Old Problems

In the zettabyte (1021 bytes) era, where a huge amount of data are delocalized and
accessible from an ever increasing number of devices, the memory hierarchy will
change. Most of the aforementioned emerging memory technologies are competing
for the role of storage class memory (SCM) [9]. A type of memory which does not
necessarily require 10 years of data retention, but will combine high density of Flash
and high performance of DRAM. The growing server-market for social-media and
cloud computing will tremendously benefit of a similar memory. In the meantime the
so called mobile systems on chips (SoC) such as those powering our smartphones,
are looking at the emerging solution for the introduction of an embedded nonvolatile
memory (eNVM) [4]. This will provide a low-power, embedded nonvolatile solution
for mobile applications and wearable electronics. The reasons for these changes
relies on the big disparity between the processor speed and the data access time in
the conventional Von Neumann architectures [15]. The most simple instruction on
the core of the central processing unit (CPU) takes one cycle to be executed, hence
less than a third of nanosecond at current speed≈3.2GHz (intel core i7). As the CPU
works it must read from and write to caches (SRAM) and system memory (DRAM).
When the contents of the system memory must be brought in the caches we have a
massive ≈250 cycles of latency ≈60ns. During this time the CPU has no work to
do and waits. Interestingly this is the best scenario, because the access to any other
storage data takes much longer. There is a famous pictorial example that translates
CPU latency in human action time [16]. If reading data from the level 1 cache is like
taking a piece of paper from our desk (3 s), level 2 cache is picking up a book from a
nearby shelf (14 s), the main system memory access is taking a 4-min walk down to
the coffee machine and waiting for a hard drive seek is like leaving the building and
take one year and three months sabbatical before coming back with the information.
The big gap in the access speed among the memory hierarchy can be seen in Fig. 1.1
comparing the latency of different devices.

Next to the old problems, the advent of billions of connected devices is also cre-
ating new opportunities that require changes in the foundation of computing as we
know it. The number of connected devices has largely exceeded the world popula-
tion (Fig. 1.2), requiring new paradigms for the computation [17]. Such beyond Von-
Neumann computing will be based on nonvolatile logic and neural networking sys-
tem, in which logic circuits dynamically reconfigure in response to the input [18–20].
This will require memory elements with tunable, nonvolatile internal states. Com-
patibility with CMOS processes, long data retention, fast switching speed (<10ns)
and low-dimension scalability (<10nm) are the shared requirements. Projects as“the
machine” of Hewlett-Packard [21], memcomputers [22] and neuromorphic adaptive
[19] are focusing on resistive memories. The first aims to fuse memory and stor-
age to bring processing closer to data using electrons for computation, photons for
communication and ions for storage. The second wants to replace standard circuits
elements (transistors, capacitors and inductors) with memristors, memcapacitors and
meminductors unifying computing and storage for a reinvented parallel computing
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Fig. 1.2 Connected devices
per person. Illustration of the
growth trend of the world
population as compared to
the number of connected
devices

[22]. Finally, neuromorphic and adaptive aim to realize on hardware level, neural
networks and adaptive computation [19]. These would allow small and compact
electronic devices to realize what supercomputers do on a software level using a
significant amount of power. In addition, processes occurring in the human brain by
synaptic operation could be replicated.Mechanisms as short-termplasticity and long-
term potentiation, which are at the foundation of memory processes in the human
brain, have been already successfully replicated using resistive switching devices
[23]. The main result is a dramatic improvement in fields traditionally challenging
for electronics, such as pattern recognition and fault tolerance.

1.3 Resistive Switching: Bits Made of Filaments

The focus of this dissertation will be on CBRAM and VCM [24, 25]. They have been
considered for long time the only technologies that could have replaced Flash. They
are still considered very promising for embedded applications (SRAM replacement),
SCM and eNVM. Both types of memory store the logic bit in the form of a recov-
erable conductive filaments in a dielectric layer. This confers to both technologies
the simplest integration scheme: two electrodes that sandwich a thin dielectric layer.
The ionicmovement combined to the electrochemical redox reaction inside the oxide
layer, induce structural changes involving the local conductivity of the dielectric. The
change in the resistance of the cell is used to store the logic bit of information [24].
To make a simplistic differentiation among CBRAM and VCM it can be said that
the first class of devices is based on the migration of metal ions (cation) while the
second on the generation/migration of oxygen defects (anion) [18]. The resistance
switching of the metal-insulator-metal (MIM) cell is achieved by three main opera-
tions: forming, set and reset. The forming is generally considered as the breakdown
of the oxide layer and initialization of a first conductive filament. After the forming
the MIM structure shows a low resistive state (LRS). The reset is considered as the
partial recovery of the CF previously induced, and brings back the device to a high
resistive state (HRS). Finally the set restores the CF in the oxide and restores the
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LRS. These basic actions are repeated during the device operations. When form-
ing/set/reset are done in the same voltage polarity the memory operates in unipolar
mode, when forming/set and reset are done in opposite polarity the device is said
to work in bipolar mode [13, 24]. In this dissertation we will focus only on bipolar
devices which can be operated at lower current as compared to the unipolar.

1.4 Objectives and Outline of the Dissertation

This work is part of a global effort to understand and observe the physics of resistive
switching in view of exciting new applications for memory and logic. Tuning the
nonvolatile internal state of a sub-20nm device by displacing ions in the space, can
turn into a difficult task. In such conditions, the transport of ions lies at the boundary
between classic physics and quantum mechanics. The whole switching mechanism
takes place in a confined volumes (tens of nm3) and involves nanoscaled electrochem-
ical redox reactions and ionic transport. The dominant transport mechanisms depend
on the defect size, mean free path, metal precipitation and free energy of formation
to name a few. The major challenge is represented by the intimate nature of the ions
interaction with the surrounding material. In addition, the nucleation and growth of
the CF are intrinsically stochastic processes. The analysis of structures different from
the real integrated devices, are often not immediately representative of the reality due
to the large amount of differences in the filaments formation conditions. Thus severe
challenges in the observation are introduced by the ultra-confined characterization
conditions. This has created a gap between physical understating and experimental
device’s results. The original research work reported in this dissertation is focused
on the physical characterization and metrology of resistive switching. The major
objectives of this thesis can be summarized as follows:

• Enable the use of electrical scanning probe microscopy (SPM) for the analysis of
resistive switching at ultra-scaled dimensions without the need of a fully processed
devices.

• Achieve a stable tip-induced formation and observation of conductive filaments in
Cu-based CBRAM and HfO2-based VCM.

• Generate fundamental understanding on the LRS and HRS states and their transi-
tions.

• Development of a three-dimensional tomographic technique for the complete
observation of the conductive filaments in integrated devices.

• Generate fundamental understanding of the RS in state-of-the-art integrated
devices.

• Deliver understanding on common failure mechanisms and reliability threats in
RS-devices by two- and three-dimensional characterization concepts.

The novelty of this work lies in the nanometer scale electrical characterization
achieved with conductive atomic force microscopy (C-AFM). This is combined with
a three-dimensional AFM-based tomographic technique developed for the electrical
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characterization of confined volumes, thus enabling the direct observation of the CFs
in 3D. Therefore the target of the work is to relate RS to the underlying nanoscopic
effects. The results of this thesis are presented in six chapters.

Chapter2 provides a review of filamentary-based resistive switching phenomena.
The basic principles of CBRAM and VCM are introduced, followed by the descrip-
tion of the structures object of study in this work. The chapter closes with a short
review on the filament observation to set the background in which our work has been
performed.

Chapter3 introduces the basics of electrical scanning probe microscopy. Atomic
force microscopy (AFM) is introduced, and contact- and intermittent- electrical
modes are discussed. The tip-sample interactions, the analysis conditions and the
usage of diamonds tips are clarified. Based on point contact I–V curves, an original
quantification technique for the electrical contact area is described. A dedicated solu-
tion based on parallel linear amplifiers, is introduced to extend the range of current
sensitivity of C-AFM. In Sect. 3.3 the intermittent-mode (peak force) is described and
compared to standardC-AFM.Different case studies are shown to highlight strengths
and weaknesses of each approach. Finally, the chapter ends with the description of
our AFM-based tomographic technique, used for tip-induced material removal and
3D observation of confined volumes.

Chapter4 describes the formation, observation and manipulation of filaments by
means of the nanosized C-AFM tip. The conductive tip is used as amovable electrode
on a blanket sample. The electrical operations arematched by careful tip selection and
the resistive states of CFs are investigated for each material system. By leveraging
the high spatial confinement of the AFM tip, we investigate and model the reset
transitions in sub-10nm regime. Toward the end of the chapter, the basic concept
of tip-induced material scraping is used to reverse engineer integrated devices and
investigate different resistive states.

The original experimental work on the three-dimensional observation of filaments
is reported in Chap.5. The ON state of the Cu-based filament is observed providing
insights on the CF growth dynamics. In Sect. 5.3 we unravel the dualism of abrupt
and progressive reset-transitions by observing “broken” and “non-broken” filaments
originated respectively from a constriction point in the current path and from an
interrupted CF. The existence of both shapes is explained within one dissolution
theory whether the starting point (i.e. the original size of the CF) determines the
final shape. In Sect. 5.4 we report the tomographic observation of filaments in oxide
VCM. High and low current operations are imaged and experimental evidences are
provided for the nature of the CF as a defect modulated quantum point contact.

Chapter6 presents the results obtained in the study of failure analysis and relia-
bility threats of RS-devices using SPM tomography. We investigate failed devices
and demonstrate the filaments multiplicity as a potential source of resistance states
instability (Sect. 6.2) and unrecoverable failures (Sect. 6.3).

Finally, Chapter7 provides a general comparison about the two material systems
investigated in the dissertation and the general conclusions of the work. This is
combined with the suggestions on the possible future research.
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Chapter 2
Filamentary-Based Resistive Switching

2.1 Basic Operating Principles

The filamentary-based resistive switching (RS) phenomenon has been originally
observed in the 1960s [1–3]. For almost 40 years it has received a limited atten-
tion, until the nanoscale realization of electronic devices based on RS has led to a
considerable research interest [4]. Particularly due to the great potential for mem-
ory application, RS is nowadays at the forefront of non-charge basedmemory devices
[5–7]. Conductive-bridge random access memory (CBRAM) and oxide-based
valence change memory (VCM), prior to the introduction of 3D NAND they have
been considered for long time as a possible replacements for Flash. They are still
considered very promising for embedded applications (SRAM replacement), SCM
and eNVM [7, 8]. Filamentary-based RS memories store the logic bit in the form of
a recoverable conductive filament (CF) in a thin dielectric layer, this confers to these
technologies:

• Simple metal/insulator/metal (MIM) structure.
• CMOS compatibility and cross-bar array integration.
• Small cell dimension and high scalability.
• Fast switching operation ≈ sub 10ns.
• Low power capability.
• Long endurance ≈ billion of cycles.

To make a simplistic differentiation among CBRAM and VCM, it can be said that
the conductive filament is induced by a metal ions (cation) migration in CBRAM,
and by an oxygen (anion) migration in VCM [5, 6]. Figure2.1a shows two electrodes
that sandwich a thin dielectric layer. This can be thought as the elemental switching
device, a large array of such devices can be considered for high density applications as
in Fig. 2.1b. When a voltage is applied to the electrodes a structural change involving
the local conductivity of the dielectric is induced. The local conductivity change is
partially recoverable and allows to store a logical bit in the form of theMIM resistive
state. The memory electrical switch is achieved by means of three main operations:

© Springer International Publishing Switzerland 2016
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Fig. 2.1 General metal/insulator/metal device structure. a Illustration of the basic RS device struc-
ture. bThe simple design and the small dimensions of the cells enable the fabrication of high density
cross-bar array

forming, set and reset. The forming is generally considered as a soft breakdown
of the oxide layer and the initialization of the CF. After the forming, the presence
of the CF inside the MIM structure induces a low resistive state (LRS). The reset
is considered as the partial recovery of the previously induced CF and brings the
device again into a high resistive state (HRS). Finally the set restores the CF in
the oxide and restores a LRS. During device operation a sequence of set and reset
triggers the change in the resistance which is used to store the bit of information.
Note, that the reset never takes back the MIM resistance to the level of the fresh
device, indicating a deep structural change induced by the first programing step
(forming). Proof of this is also the higher voltage required during the forming as
compared to the set/reset transitions. RS can be classified based on the switching
mode exhibited by the device, bipolar or unipolar as in Fig. 2.2. Bipolar switching
requires opposite voltage polarities to switch ON and OFF whereas unipolar (also
known as nonpolar) has no such requirement. When forming/set/reset are done in the
same voltage polarity the memory operates in unipolar mode, when forming/set and
reset are done in opposite polarity the device is said to work in bipolar mode (Fig. 2.2
top left). The structure of the device e.g. the asymmetry in the electrode materials,
can impact the type of RS observed. It is generally accepted that the switching tends
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Fig. 2.2 Classification of resistive switching characteristics. Schematic representation of the bipo-
lar and unipolar RS with the pictorial representation of the HRS and LRS filaments

to be bipolar if the electric field plays a significant role, whereas unipolar if thermal
effects are dominant [6]. In case of unipolar switching the voltage used for writing is
higher than that for erasing (Fig. 2.2 top right). The current required for the switching
is in range of hundreds ofµA tomA. For bipolar deviceswriting and erasing typically
occur under different polarities and the switching current can be decreased to few tens
of µA. Therefore, this type of switching is more attractive for aggressive integration
and low-power applications. In the rest of this dissertation only bipolar RS will be
treated. An initial electroforming process is required to initiate the RS functionality.
The forming process is done by applying an higher-than-usual voltage or current to a
virgin device and enables the switchable state. It has to be considered as a precondition
step to apply only once. A current limitation (compliance) is applied during the
electrical programming to control the resistive state and avoid unrecoverable oxide
breakdown. It is commonly assumed that the forming creates some nano channels
in the oxide which are used during cycling as preferential paths for the CF growth
and dissolution. Most of the RS devices show a cell size independence with the low
resistance state (e.g. area independence with the LRS) [5]. This observation has been
since the beginning considered as an experimental evidence of the presence of a
single nanosized filament shorting the electrodes. The switching speed is one of the
major properties of any memory device. Although is generally difficult to measure
below the nanoseconds due to reflections and impedance mismatching, observation
of switching time ≈0.1ns has been recently reported [9]. Many other observations
have confirmed the resistive switching speed in the ≈ ns regime supporting that both
CBRAM and VCM can rely on a fast pulsed switching operation [10–12].
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2.2 Conductive Bridge Resistive Memory

CBRAM often referred as electrochemical metalization cells (ECM), programmable
metalization cells (PMC) or atomic switches, bases its operation on metal cation
transport for the filament formation. The memory element is based on a MIM struc-
ture, where a thin dielectric is sandwiched between an active electrode and an inert
counter-electrode. Ag or Cu are commonly used as the active electrode in view of
their property to inject metallic cations within the solid electrolyte. CBRAM uses
a solid-state electrochemical reaction with Ag or Cu, to create or dissolve CFs. A
variety of oxide, chalcogenide and sulphide thin films have been proposed for the
solid electrolyte [13, 14]. The inert counter-electrode is generally made of Pt, W
or TiN. When a positive voltage is applied to the active electrode, a field-assisted
injection and transport of cations begins. This leads to the creation of the CF inside
the switching layer. The presence of the CF lowers dramatically the resistance of the
device thereby defining a LRS Fig. 2.2 (bipolar case). The CF can be dissolved by
applying a negative voltage to the active electrode and thus restoring the HRS. The
two different resistance states are used as the logic values “1” or “0”. From here on in
this work we will refer to the operation of a Cu/Al2O3/TiN-based cell. The latter has
demonstrated good performance in combination with optimal CMOS compatibility
[15, 16]. The memory element is shown in Fig. 2.3a. Amorphous Al2O3 (5nm) is
sandwiched between 10nm TiN (bottom electrode) and 40nm Cu (top electrode).
The Al2O3 is deposited using a plasma enhanced atomic layer deposition (PE-ALD)
at 45 ◦C, using O2 plasma and Tri-Methyl Aluminum (TMA) precursor. Finally, the
30-nm Cu top electrode is deposited using physical vapor deposition (PVD). After
deposition the sample is patterned by electron-beam lithography (e-beam). Themem-
ory cell is built on top of a 90-nm-wide TiN metal line connected to the drain of a
transistor. This is a very common architecture (one-transistor-one-resistor, 1T1R)
in which the selector transistor is used to limit the current that flows in the mem-
ory during the operations (Fig. 2.3b). The programming bias scheme is reported in

Fig. 2.3 Basic structure of conductive-bridge memory. a Schematic and cross-section TEM image
of the Cu/Al2O3/TiN-based stack. b Switching scheme of the 1T1R structure for writing and erasing
the memory cell
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Fig. 2.3b, a positive bias is applied to bit line (BL) and word line (WL) with source
line (SL) grounded for forming and set. While for reset, a positive bias is applied to
SL and WL with BL grounded.

2.2.1 The Electrochemistry in CBRAM

Being primary based on a ultra-scaled electrochemical reaction it is important to
recall the basic principles of the redox reaction at the foundation of RS in CBRAM.
The device shows bipolar RS as presented in Fig. 2.2. The electrical programming
(set) occurs if a sufficiently positive bias voltage is applied to the active electrode
(Cu). At a microscopic level Cu undergoes anodic dissolution Cu → Cun+ + ne−
at the Cu/Al2O3 interface, where n is the cation valence. This process is followed
by the drift of the Cun+ cations across the solid electrolyte. The final step is the
reduction of Cu ions (Cun+ + ne− → Cu) leading to CF growth. After the metallic
filament has created an electronic contact between the two electrodes the cell is set
in LRS. The process can be reversed by the application of sufficient high opposite
polarity (Fig. 2.2). This triggers the reset of the cell (HRS) with partial dissolution of
the CF. The kinetic of the electrochemistry processes impacts the overall CF growth
and therefore have unparalleled importance on device performance.

Charge transfer reactions—the anodic dissolution of the Cu electrode and the
cathodic reduction of the metal cation leading to the metallic filament formation, are
charge transfer reactions between the Cu atoms and the electrolyte. They are often
referred to as electrode reactions for their analogy with the operation of standard
electrochemical cells. The charge transfer current for anodic/cathodic reactions at
steady state conditions is provided by the Butler–Volmer equation [17]:

i = i0

[
exp

(
(1 − α) ze

kBT
V

)
− exp

(
− αze

kBT
V

)]
(2.1)

where i0 is the exchange current; α is the charge transfer coefficient; z is the number
of exchanged electrons; kB is the Boltzmann constant; T is the temperature. Here
V represents the electrochemical overpotential defined as the difference between
the electrochemical potential at equilibrium and the actual electrode potential. If V
>0 the first term of the equation (accounting for the oxidation reaction) dominates.
Contrary, the reduction reaction prevails if V<0. In case of sufficiently high applied
voltages (V � kBT/ze) one of the terms in the equation becomes very small and
can be neglected (Tafel approximation) [18]. This is the condition during device
operation, and the equation becomes:

i = i0exp

(
αze

kBT
V

)
(2.2)
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Fig. 2.4 Energy environment for charge transfer reactions. a Illustration of the energy profile of
an electron transfer reaction at the Cu electrode surface and the corresponding Cun+ cation inside
the electrolyte. b Schematic representation of random ionic jump over a potential barrier, without
external electric field applied (top figure) and with barrier lowering induced by the electric field
(low figure)

Consequently, in case the reduction of Cu cations is the dominating term (V �
kBT/ze) the second exponential term in (Eq.2.1) has to be considered. In these cases
the exchange current i0 is defined as:

i0 = zeck0Aexp

(
− EA

kBT

)
(2.3)

where c is the concentration of ions, k0 is the reaction rate constant, A is the area
involved in the electron transfer and EA is the reaction energy barrier. The illustration
of the energy profile of an electron charge transfer reaction at the interfaces between
a Cu electrode is shown in Fig. 2.4a. Here the charge transfer between a Cu at the
surface of the metal electrode and the cation in the electrolyte is represented. At equi-
librium without any applied bias the activation energy for oxidation and reduction
are the same at the Cu surface in contact with the Al2O3. Application of a positive
overpotential to the electrode induces Cun+ cations diffusion toward the Cu/Al2O3

interface with consequent increase in Cun+ cations concentration. The higher con-
centration increases the electrochemical potential of Cun+ cations reducing the acti-
vation energy for reduction (ER). This process is determined by the electrochemical
potential of the electrons e.g. their Fermi level in the metal. The applied electrostatic
potential on the Cu electrode changes the height of the activation barrier.

Ionic transport—Assuming ionic Cu as the mobile species in the device, the ionic
transport represents the drift of Cu cations through the solid electrolyte. This process
is described as an ionic hopping from site to site over an energy barrier. The average
distance between two sites is called hopping distance (a) and is estimated in the
order of 0.2–0.5nm [13]. At the equilibrium, thermal fluctuation and concentration
gradient are the only driving forces for a net motion of ions in the solid electrolyte.
The presence of the applied bias across the cell electrodes (V) induces an electric
field E of strength E = V/d where d is the oxide thickness. Under these conditions
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the Cu cations experience an electric field driven, thermally activated ion hopping.
The corresponding current density can be calculated using theMott–Gurney equation
for ion hopping [19]:

i = 2zecaνexp

(
−�Ehop,0

kBT

)
sinh

(
azeE

2kBT

)
(2.4)

where a is the mean ion hopping distance, ν is an attempt frequency factor,�Ehop,0 is
activation energy for the ion hopping in absence of the electric field. In otherwords the
net motion of the ions becomes directional. According to this model the transport of
ions is described by a series of thermally activated jumps between adjacent sites. The
presence of the electric field lowers the activation energy for ion hopping enhancing
the hopping rate in the direction of the field. For low electric fieldsE � 2kBT/aze the
ion transport has a linear dependence with the electric field. For high electric fields
E � 2kBT/aze the equation presents an exponential dependence on the field. A
schematic of the random jumpmade by an ion overcoming a potential barrier�Ehop,0

as shownwith andwithout externally applied electric field (respectively low and high
figure). The electric field lowers the potential barrier�Ehop = �Ehop,0−αqV where
α is a barrier lowering coefficient.

Electrocrystallization—is defined as the process of nucleation of the Cu crystal on
the inert electrode side prior to the CF growth. A stable nucleus is related to a critical
number of atoms and consequently a critical size. The nucleation time is defined as
the required time to form a stable nucleus and is related to the applied voltage by an
exponential law [20].

tn = toexp

[
(Nc + α)zeV

kBT

]
(2.5)

where tn is the nucleation time, t0 is a prefactor depending on the density of the
nucleation sites and ionic concentration, Nc is the number of atoms required for the
critical nucleus and α is a charge transfer coefficient relating the fraction of voltage
that is involved in the reaction. After nucleation a metal phase can grow. This is
described by a growth rate directly proportional to the ionic current.

2.2.2 The Rate-Limiting Process

All the different electrochemical processes governing the CBRAM operations are
contributing to the resistive switching e.g. CF formation/rupture. However, the slow-
est one will limit the switching kinetics and it is generally referred to as the rate-
limiting step in the filament formation. Although the different physical nature of
each process, the identification of the rate-limiting step is not simple. This has been
treated by Menzel et al. [21] in the analysis of strongly non-linear switching kinet-
ics. Independently from being field-induced or thermally activated, all the involved
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processes are following an Arrhenius-law dependence so they will all be exponen-
tially enhanced by a temperature increase. For example, due the high current densities
in the CF, Joule heating increases the temperature inside the cell. Furthermore, the
relative importance of each mechanism will not only depend on the material selected
but also on the operating temperature [22, 23]. In real operating conditions moisture,
surface roughness and residual OH− groups acting as counter charges, complicate
the interpretation [24]. Different solid electrolytes generally showing long-range dis-
order and good ionic conductivity, have shown a CF filament growth kinetics limited
by charge transfer in accordance to Butler–Volmer equation [25]. However due to
short transport paths for Cu cations, in low mobility switching layers (e.g. amor-
phous oxides) the charge transfer reactions are not considered as rate-limiting step
in the CF formation. It is generally assumed that the metal dissolution (oxidation) is
not the rate-limiting step due to the high electric fields ensuring sufficient decrease
on the energy barrier maximum [13]. Few hundreds of mV are sufficient to initiate
Cu-based electrochemical reaction. If electrochemical reactions are the rate-limiting
processes it should be observed a non-linear dependence of the forming voltage
with the oxide thickness, which is contradictory to the experimental observation.
This indicates a complex ionic interaction with the solid electrolyte and the primary
role of the electric field during switching. However any of the described processes,
can be a potential rate-limiting step for the CF formation. A different selection of
dielectrics, for instance, has shown to impact the switching time, E field required
for CF formation and also the CF growth direction [26]. It has been demonstrated
that cathodic charge-transfer reaction is the rate-limiting step in systems with high
ionic mobility. While ionic diffusion can be responsible for the CF growth in poor
ionic conductors or in general, for all the solid electrolytes that do not intrinsically
contain metal cations. Due to the high number of factors contributing to the CF
growth, a dedicated description and characterization of the material system of inter-
est is required. It is worth noting that the results of this thesis are applicable to the
class of CBRAM devices based on solid electrolytes such as thermally grown or
ALD-deposited high-κ dielectrics (e.g. Al2O3, Ta2O5 to name a few). Here referred
as solid electrolytes because they are used to transport ions. Other solid electrolytes
such as ionic conductors or chalcogenides (Ag2S or GeSe2) are not covered by the
experimental work of this dissertation.

2.2.3 CBRAM Device Operation

A complete switching cycle for our CBRAM stack is reported in Fig. 2.5a. The
memory cell is operated by a quasi-static (DC) voltage sweep. The as-deposited
device shows high resistance and requires an initial electroforming to activate the
cell (step 1 Fig. 2.5a). After electroforming, the formation and rupture of the CF can
be triggered respectively bymeans of a positive or negative voltage applied on the Cu
electrode. The Cu electrode is negatively biased for the filament rupture (RESET step
2 Fig. 2.5a), and positively biased for the filament formation (SET step 3 Fig. 2.5a).
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Fig. 2.5 CBRAM device operation a Current–voltage characteristic of CBRAM, forming reset and
set are shown for a Cu/Al2O3/TiN cell. b Forming voltage dependence with oxide thickness. c LRS
resistance modulation as function of programming current

In Fig. 2.5a the forming voltage is about ≈3.5V and the set and reset voltages are
respectively≈1.5 and−2V. During forming and set operations the control transistor
(Fig. 2.3b) delivers a current compliance of 10µA. As commonly reported also this
device presents a linear dependence of the forming voltage (Fig. 2.5b) with the oxide
thickness, whereas the set voltage is practically thickness independent (not shown).
This is considered an evidence of the fact that after the first CF is formed, in the
subsequent cycles the CF does not completely dissolve. In addition even after the
CF reset, the HRS never reaches the pristine oxide resistive state thus indicating a
permanent local modification of the solid electrolyte. Figure2.5c shows how the CF
resistance can be modulated using the current compliance (Icc) during cycling e.g.
larger Icc leads to lower RLRS . This among other properties make CBRAM extremely
attractive for high density nonvolatile storage applications due to the possibility to
implement multibit capability. The basic idea is to program the cell with different
current compliances in order to induce multiple (distinguishable) resistive states.
Note, that this analog-like resistance modulation common to most of the filamentary
RS devices, is very attractive when trying to replicate artificial synapsis functioning
in neuromorphic applications [27, 28]. Retaining data for long time is the ultimate
goal of a nonvolatile memory. The (resistance) state stability or data retention is an
important figure for filamentary-based memories. The data retention is the amount of
time that a CF can maintain its resistance state without degradation i.e. inducing data
loss. The target value for the retention is generally application specific, as example
most of the nonvolatile consumer storage applications require 10 years retention at
85 ◦Cbut in the automotive sector the target is 10 years retention at 125 ◦C. In essence
the CF has to maintain its resistance state for at least 10 years unaltered. Eventually
this has to be guaranteed also in presence of disturbs. For example a temperature
increase due to environmental conditions or a voltage stress on chip induced by
the circuit-periphery. In Fig. 2.6a a retention test is shown for both HRS and LRS.
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Fig. 2.6 CBRAM retention and endurance. a LRS and HRS show stable resistance retention for
104 s at 85 ◦C. A resistive window of ≈104 is visible. b Endurance test over few thousands of
cycles is shown for our Cu/Al2O3/TiN cell. Note in the inset, the resistance fluctuations between
consecutive cycles

The distance between the LRS and HRS resistances define another important figure
of merit, namely the resistive window (RW). The RW represents indirectly how
easily the coded “1” or “0” will be electronically interpreted. The ratio between the
average OFF and ON states (ROFF /RON ) represents a number (in Fig. 2.6a ∼104),
which accounts for the orders of magnitude of electrical resistance separating the
two or more bits. As a general rule, the higher the RW value the better the memory
device, particularly for the potential multibit capability. In our example (Fig. 2.6a) by
changing the current compliance two distinctive LRS can be induced 5µA for LRS1
and 50µA for LRS2. During the test the sample is also baked, here at 85 ◦C in order to
accelerate the degradation processes. Stable retention up to ∼104 s is demonstrated
for all the resistive states. Bymeans of the baking test projected retention, for instance
at 10 years can be extracted. In general both LRS and HRS can suffer from retention
failures leading to drifts the resistive states through time. A certain tolerance on
the resistance state degradation can be allowed in case of a resistive window wide
enough to maintain two detectable “1” and “0” levels. Clearly the criteria becomes
more stringent in case of multiple bits implementation, where each resistive states
represent a different multibit combination. Also for the retention the programming
current used during cycling has amajor impact. Programming current below (≈1µA)
leads toweakCFs generally showing failure in the LRS retentionwhile programming
current over (≈100µA) induces strong CFs often impossible to reset.

As the memory device has to be cycled (i.e. reprogrammed) and show long and
reliable operation, another important figure of merit is introduced in Fig. 2.6b, the
endurance. The resistive values assumed by the device (CF) throughout continuous
ON and OFF conditioning are shown. The device is first programmed and then read
out. The read out is done after each cycle and plotted against number of cycles. A
small voltage compared to that required for set/reset is used for the read-out (0.1V).
This avoids any perturbation on the resistance states during the read. The device pre-
sented in Fig. 2.6b shows ≈4000 continuous cycles with a resistive window ∼103.
It has to be noted that CBRAM is among RS devices the one that presents the larger
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RW, up to 108 has been demonstrated [13]. Regarding our device in Fig. 2.6a RW
>105 can be achieved between HRS and LRS2. Notably, in Fig. 2.6b the resistance
of the LRS presents almost a constant value throughout cycling, while the HRS
shows more fluctuations, as clearly visible in the inset. The latter indicates a smaller
scattering in the resistance states assumed by the CF in the LRS which is gener-
ally following an Ohmic behavior (i.e. metallic conduction), and conversely wider
dispersion for the HRS generally showing more complex conduction mechanisms.
This will be treated in Chap.5, where a detailed analysis of the HRS state and its
manifold nature will be related to the CF structure. For memory storage applica-
tions, it is important to limit degradation mechanisms of the CF to avoid retention
and endurance failures. Uncontrolled structural changes in the CF, such as those
thermally activated or induced by concentration gradient, are undesired sources of
instability for the resistance states. Thus impacting the overall reliability assess-
ment of the filamentary-based RS devices. Such structural changes of the CF will be
introduced in the Chap.6, with the experimental observations of the degenerated Cu
filament and of the filaments multiplicity as sources of resistance state variability.

2.2.4 Device Optimization

Though the Cu/Al2O3/TiN stack of the previous section shows attractive charac-
teristics, such as: large ROFF /RON resistance ratio, long data retention (104 s), high
endurance, nanoseconds switching speed, small operation voltages (≈2V) and mul-
tilevel capability [10, 16, 29]. This test vehicle is especially optimized for the char-
acterization of the CF (i.e. 3D filament observation) of the following chapters. In
reality, extensive engineering of the basic CBRAM stack has led to enhanced device
performance (especially aiming at commercial applications). Now that the reader is
familiar with the basic principles and figure of merits for CBRAMs, in this section a
short overview of the state-of-the-art technologies aimed to the optimization of the
memory cell is provided.

Cation supplier layer: though the metal cations are the foundation of the CF, the
layer that supplies those ions does not have to be purelyCuorAg. The active electrode
has been often modified by introducing Ag- or Cu-based alloys [13]. Their fabrica-
tion is achieved by using sputtering, physical vapor deposition (PVD) techniques or
chemical vapor deposition (CVD). For example, Cu has been alloyed with Te in a
combinatorial co-sputtering approach [30, 31]. The impact of Cu and Te composition
on the RS has been investigated and an optimal composition of CuxTe1−x in range
0.5 < x < 0.7 has shown improved control over CF formation [32]. Furthermore
the CuTe layer has been also stabilized by the insertion of carbon which mitigate
the impact of phase transformation shown by pure CuTe during thermal stress [31].
Binary alloying of Ag and Te has been also studied, showing improved switching
properties for the use of Ag2Te [33]. Alternatives for the active electrode may also
comprise CuAg, AgTi, CuGe, CuGeTe, AgGe and others, getting to a discrete level

http://dx.doi.org/10.1007/978-3-319-39531-9_5
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of complexity like Cu-doped TaWxSiyBz or TaWxSiyCz [34]. For most of these cases
the alloying element may improve the thermal stability, interface quality, surface
roughness, material homogeneity, tailor the work function of the active electrode or
limit the injection of cations into the solid electrolyte. In some cases the alloying ele-
ment is used also to influence the type of RS induced. As example, the introduction
of a semiconductor as alloying element can reflect on new properties of the CF [35].
This is achieved by changing the Fermi wavelength of the CF material by semicon-
ductors doping. Jameson et al. [36] demonstrated improved stability of the CF and
enabled the usage of LRS resistances showing lower conductance as compared to
the pure metallic case. One clear advantage of this approach is the reduced operative
power on large arrays without compromise in CF stability.

Barrier layer: this is a common element to most of the high performance CBRAM
devices. A thin layer (either metallic or insulating) is deposited between the solid
electrolyte and the active electrode. This layer can promote adhesion between the lay-
ers but also provide a barrier for undesired ionic diffusion during device fabrication.
Standard diffusion barriers available in the semiconductor industry have been pro-
posed i.e. TaN, TiN, WN, Ru and others. In some cases the barrier layer has to react
during a thermal annealing in order to intermix with the active electrode creating a
concentration gradient for the metal cations in proximity of the solid electrolyte [37].
With the final result of having already some metal cations inside the solid electrolyte
before forming.

Solid electrolyte: this layer is responsible for the ionic conduction and ultimately
for most of the CF properties. Due to its great importance it has been subject to
extensive studies in CBRAM optimization. A complete list of all the possible solu-
tions is out of the scope of this dissertation and more information can be found
in literature [13, 14]. Ionic conductors such as sulphides (Cu2S, Cu-doped GeS2 or
ZnxCd1−xS), selenides (Cu- dopedGeSe), chalcogenides (GeSbTe) and iodides (AgI,
RbAg4I5) have been the first proposed solid electrolytes due to their known properties
as ionic conductor and relatively possible CMOS manufacturability [38, 39]. But in
the quest for improved performance and high CMOS compatibility insulating oxides
and nitrides have been closely investigated. The list cannot be complete but the main
ones are: SiO2, Al2O3, Ta2O5, WO3, ZrO2, SrTiO3, TiO2, Si3N4 [10, 40–42]. Due
to their large availability in standard CMOS process and to their good retention and
endurance properties, oxides have rapidly received the attention particularly for non-
volatile memory applications. Due to the large set of oxide parameters which can be
tuned during their deposition (e.g. quality, density, crystallinity, thickness and mor-
phology) the deposition process becomes centric for the final device performance.
A typical example is SiO2 which can have completely different local microstructure
depending on the deposition technique. Sputtered SiO2 has a granular structure rich
of defects and voids, while atomic layer deposited (ALD) or evaporated SiO2 shows
higher density and suppressed defectivity. This leads to a dramatic difference for the
ionic mobility (higher in sputtered SiO2) in the same material system as function
of the deposition technique [43]. Recently also amorphous silicon (a-Si) is gaining
increased attention as solid electrolyte [44, 45]. Contrary to crystalline Si, a-Si has
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no long-range order in its atomic structure. It is rich of defects such as dangling
bonds but their presence can be engineered by hydrogen passivation. This combined
to the crystalline structure confer a simple way to control the ionic mobility in the
layer to be exploited in the CF formation [25].

Inert electrode: the choice for the inert counter electrode, follows few simple guide-
lines. The material has to be stable, inert and do not electrochemically dissolve into
the solid electrolyte. It has to provide minimal roughness, good adhesion and CMOS
compatibility. W, Ru, TiW and TiN are all viable solutions because they all fulfil the
requirements and are commonly used for metallization in microelectronics [46].

Architectures: when the optimal device structure is achieved a large number of
cells have to be integrated and this requires the right integration architecture. The
maximum storage density can be achieved using a crossbar array (Fig. 2.1b). This is
generally referred as a 4F2 integration, where F stands for minimum feature size e.g.
the width of the electrode lines. 4F2 represents the chip area occupied by a single
memory element. Each cross-point device is formed at the intersection of the top and
bottom electrodes, those are placed perpendicular to each other and sandwich the
solid electrolyte. Though this configuration represents many advantages, the prac-
tical implementation requires an additional device to select the proper cell and to
prevent parasitic access due to sneak paths [47]. In essence, when accessing a cell
into a dense cross-point array, the resistance state of the neighboring devices can
alter the read value due to sneak current from undesignated cells. A simple trade off
is provided by the 1T1R configuration (Fig. 2.3b) requiring more chip area due to
the integration of the transistor but enabling an easy way to suppress sneak paths
and limiting the current during operation. Another solution is a rectifying device
such a diode, to place in series of the memory element. Compared to the 1T1R
configuration, this approach is more attractive since it reduces the required chip
area. The rectifying diode should have a high on/off current ratio, high forward cur-
rent density and low processing temperature. Oxide p − n diode, Zener-type and
Schottky-type diodes have been studied [48–50]. IBM has demonstrated the integra-
tion of 512 kbit memory array using a mixed ionic-electronic conductors (MIEC)
showing very high on/off current [51], Zhang et al. demonstrated using amorphous-Si
a bidirectional selector exceeding 1MA/cm2 of drive current and high non-linearity
[52]. Finally a more complex solution is provided by the redesign of original DRAM
architectures. For example using a standard DRAM array technology a 6F2 CBRAM
array has been proposed where a modified buried recessed access device (BRAD)
is used for accessing the devices [53]. Here two cells share the bottom electrode
to increase density. By exploiting a combination of all the aforementioned solu-
tions Zahurak et al. [53] introduces a 16 Gb Cu-based CBRAM array integrated in
27nm technology. The latter shows 900MB/s read speed and 180MB/s for write. Jo
and co-workers presented a functional 4Mb passive crossbar array based on a-Si as
solid electrolyte [54]. Belmonte et al. demonstrated more than 106 switching cycles
using 10ns pulses in integrated 90nm W/Al2O3/TiW/Cu 1T1R cells [10]. Park et
al. demonstrated the feasibility of multibit-bit operation at very low current (<2µA)
[55]. Aratani et al. [56] presented four-level operation for a 20-nm scaled device
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structure with 107 cycles endurance. Finally, Jameson et al. [36] presented a 1Mb
array structure integrated in 1T1R showing 10ns fast pulse operationwith 1000 hours
retention at 200 ◦C.

2.3 Oxide-Based Valence Change Memory

Valence change memory (VCM) is based on a redox process involving anion migra-
tion (opposite to CBRAM). In the majority of oxides such as transition metal oxides
(TMO) for instance, the oxygen ions are considered more mobile than the metal
species [57]. The local motion of these defects induces a local valence change of the
cations triggering a resistance switching [5, 58]. For this reason oxide-based VCM
are also referred as oxide resistive random access memory (ox-RRAM). Due to the
large variety of defects present in dielectrics and their capability to alter the electri-
cal properties in response of their motion, RS is observed in a long list of oxides,
including large bandgap dielectrics (SiO2), most of the existing TMOs (HfO2, WO3,
TiO2, Ta2O5, ZnO2), rare-earths oxides (CeO2) and perovskites (SrTiO3, SrZnO3)
[6, 58, 59]. However for memory applications this list rapidly reduces to those
oxides that show good switching performance and CMOS compatibility. Recently,
material-systems as Ta2O5−x/TaO2−x and HfO2/Hf experienced an increasing sci-
entific interest in view of their performance and CMOS compatibility [11, 60]. As
these structures suggest, a dual layer approach appears privileged to achieve con-
trollable RS. As will be explained next, this is used to engineer the defects profile
in the oxide and increase the control of the RS. In this dissertation we will refer to
the operation of a Hf/HfO2/TiN-based VCM cell Fig. 2.7 for two main reasons. First
HfO2 is currently employed as high-κ gate dielectric in transistors and as such it is
a well-known, available and fully CMOS-compatible material [61]. Second, as will

Fig. 2.7 Oxide-based VCM. a Schematic of the MIM structure for VCM and scanning electron
microscopy (SEM) image of the 50× 50nm integrated cross-point device. b Transmission electron
microscopy (TEM) image of the stack in the cross-point
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be shown, defect-rich HfO2 shows superior RS characteristics showing high speed
(<10ns) good resistivewindow (≈102) and long endurance (>106 cycles). Themem-
ory element is based on a 5-nm-thick amorphous HfO2 sandwiched betweenmetallic
Hf and TiN. 30-nm-thick TiN is deposited by PVD as bottom electrode. The HfO2 is
deposited by means of ALD at 300 ◦C, using HfCl4 as precursor and H2O as oxidant.
Finally 10-nm thick metallic Hf is deposited by PVD followed by 30nm Ru to form
the top-electrode. The TiN/HfO2/Hf/Ru-structure (TEM in Fig. 2.7b) is patterned by
dry etching to create the cross-point cell shown in Fig. 2.7a. The metallic Hf acts
as an oxygen scavenging layer. The affinity of the metallic Hf with oxygen atoms
partially extracts some oxygen from the stoichiometric HfO2 layer. More details on
the role of Hf thickness, thermal budget and composition can be found in dedicated
studies on the subject [62]. In essence by tuning the composition and thickness of the
metallic Hf it is possible to induce a gradient in the profile of oxygen vacancies at the
Hf/HfO2 interface. The latter is crucial for stable RS operation since it introduces a
defects reservoir which is used to stabilize the CF during cycling. Also in this case
the TiN bottom-electrode is directly connected to the drain of a selector transistor
to form a 1T1R structure (Fig. 2.3b). This device shows bipolar RS behavior and
has demonstrated remarkable performance [11, 63]. In common with CBRAM, the
CF is created during the electroforming process, when the pristine cell is activated.
Subsequent set and reset switching can be respectively triggered bymeans of positive
and negative voltage applied to the Hf electrode.

2.3.1 VCM Device Operation

Device functionality of VCM has been reported for 10× 10 nm device [11], and in
this dissertation we investigate 50× 50 nm2 cells. The electrical operation of VCM
is presented in Fig. 2.8. The pristine device shows high resistance and requires the
initial electroforming (step 1 Fig. 2.8a) to be activated. Once formed, the device
can be cycled using negative and positive polarities on the Hf electrode for the
reset and set respectively (step 2,3 Fig. 2.8a). During all the phases the selector
transistor limits the current in our Hf/HfO2-based at 50µA. The forming voltage
as shown in Fig. 2.8a is ≈2.5V, and the set and reset are triggered with ±1V. It
can be noticed immediately that the level of resistance achieved after reset (HRS)
is order of magnitudes far from the pristine cell values. This is a direct evidence of
the presence of the CF in the HRS as a poorly conductive although highly defective
region in the oxide. The relatively high conductive HRS leads to a narrowing in the
resistive window in VCM as compared to CBRAM. Bipolar oxide VCM generally
shows RW values ≈10. The linear dependence of the forming voltage with the oxide
thickness is observed in VCM similarly to the CBRAM case (not shown). Once the
oxide thickness (5nm) is fixed, the forming voltage shows a weak dependence with
the cell size until an increase appears in the 100nm2 size range. Figure2.8c shows
the observed independence of the RLRS and the device size at fixed programming
current (50µA). As for CBRAM, this indicates that a CF substantially smaller than
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Fig. 2.8 VCM device operation. a Current voltage I–V characteristic of VCM, forming reset and
set are shown for our Hf/HfO2/TiN-based cell operated at 50µA. b Forming voltage as function of
cell area. c Dependency of cell-size versus induced RLRS

10× 10 nm2 (in this case) is present. Though this effect is generally accepted for large
cell-sizes its validation for a 100nm2 cell indicates that the CF lateral dimensions
are smaller than 10nm. In other words, the CF lateral growth is not limited by the
physical device area even at 100nm2. The latter will be treated more in depth in the
end of Chap.5.

The data retention of VCM is reported in Fig. 2.9a, both LRS and HRS stably
retain the resistance state for 105 s. During the test the sample is baked at 200 ◦C to
accelerate the degradation processes.Compared toCBRAM,weobserve an improved
retention for VCM due to the reduced mobility of the defects constituting the CF (i.e.
more stable CFs) [64]. The resistive window is ≈10 in case of VCM, which limits
the multi-level bit applications for this technology. Finally, in Fig. 2.9b an endurance

Fig. 2.9 VCM retention and endurance. a LRS and HRS show stable resistance retention for 105 s
at 200 ◦C. A resistive window of ≈10 is visible. b Endurance test (median over a population of 18
cells), more then one million of cycles are shown. Set and reset are induced by 100ns pulses as
described elsewhere [63]

http://dx.doi.org/10.1007/978-3-319-39531-9_5
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test of our Hf/HfO2-based cell at 50µA is reported (median of 18 cells). More than
one million cycles are induced and a RW (≈102) is clearly observable. In common
with the CBRAM case, the LRS shows limited fluctuation compared to the HRS
case. The latter can be ascribed to the stochastic nature of the switching transition,
suggesting a metastable energetic configuration for the HRS state.

2.3.2 Switching Mechanism and Electron Transport in VCM

The switching mechanism in VCM is generally interpreted as a reversible (soft)
dielectric breakdown of an oxide, associated with the generation and migration of
oxygenvacancies (V ..

o in the notationofKröger andVink) [65] throughafield-assisted
thermally activated hopping. On a pristine device, the high electric field during form-
ing (>10MV/cm) generates defects in the bulk of the oxide. When subjected to high
enough energy, oxygen atoms start to leave their lattice position and drift towards
the anode leaving behind a locally conductive path (Fig. 2.10). The filament growth
is similar to the growth of a virtual cathode, due to the progressive extension of the
reduced valence change in the filament location. Though the observable electrical
characteristic of VCM is similar to the one of CBRAM the intimate physical mech-
anism is complementary. In one case (CBRAM), a foreign species (metal cations)
is introduced into a solid electrolyte to short the two electrodes. In the other case
(VCM) an intrinsic type of defect (oxygen vacancies) is generated in the oxide layer
in order to short the electrodes by a conductive path (metallic-rich phase). At reset the
oxygen ionsmigrate back and partially recombinewith the V ..

o switching thememory
in a HRS. The moving oxygen ions (for instance during forming and set) can easily
get discharged (Ox

o−2e− → V ..
o + 1

2O2) and become neutral oxygen when getting to

Fig. 2.10 Filament formation and electrons transport in VCM. a Schematic of theCF formation due
to the electric-field-induced ionic motion. b Schematic of the possible electron transport processes
in oxides [panel adapted from Yu et al. [67]]
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the anode contact. The released neutral oxygen will start to accumulate at the anode
interface. When this happens, the anode material can react getting oxidized in case
of reactivity with oxygen, or if inert to oxygen it blocks the oxygen until the moment
when the high pressure induces a small outbreak of the top electrode as often reported
[66]. Obviously, this is not desirable and therefore the usage of bilayer structures such
as HfO2/Hf, where the sub-stoichiometric region behaves like an oxygen reservoir.
This provides a controlled oxygen migration, limited neutral oxygen formation and
thus improved device lifetime and stability.

The electric-field-induced ionic motion determines RS in VCM as schematically
illustrated in Fig. 2.10a. Although the electrochemistry is at the foundation of RS also
for VCM, the electrical conduction in the CF will be determined by the transport of
electrons in a defect-rich oxide. Therefore the different transport phenomena involved
in this type of conduction are central for the physical understanding of oxide RS
[67]. For this reason their principles are briefly recalled in Fig. 2.10b as (1) Shottky
emission which is a thermally activated injection of electrons through the barrier in
the conduction band. (2) Fowler-Nordheim tunneling (FNT) where electrons tunnel
from the cathode into the conduction band when subject to high electric field. (3)
Direct tunneling (DT) in which case the electrons tunnel from cathode to anode
directly in presence of a very thin oxide layer. In presence of traps in the oxide the
mechanisms can intermix and we have possibility of (4) trapping of carriers into an
oxide trap. (5) emission from a oxide trap to the conduction band (Poole-Frenkel
emission); (6) tunneling from trap to conduction band. (7) Trap assisted hopping or
tunneling and (8) tunneling from traps to anode. In Fig. 2.10b EF is the Fermi energy
level, EV , EC are the valence band and conduction band energy levels respectively
and Et is the trap barrier height.

2.3.3 The Filament as a Quantum Point Contact

The long list of mechanisms cooperating in the electron transport in the CF
(Fig. 2.10b), contributes to increase the complexity of modeling the conduction in
VCM. However, it has been soon recognized that RS in VCM has many similarities
with bias-induced dielectric degradation which is generally described by percolation
theory [68]. Indeedmost of the stress-induced leakagemeasured in high-κ dielectrics
for instance, can be attributed among other defects to oxygen vacancies [61]. For this
reason, an analytical model based on conduction through a quantum point contact
(QPC) [69] originally applied by Miranda et al. [70] for the oxide post-breakdown
conduction was adapted to model the CF in VCM. For completeness, Terabe et al.
[71] followed by other groups, observed conductance quantization also in CBRAM
and applied a QPC description too.

The QPC model of the CF, uses the Landauer–Büttiker formalism treating the
transport as a transmission problem for electrons at the Fermi level. The top and
bottom electrodes of the RS device are modeled as current injecting and collecting
reservoirs, in which all inelastic scattering takes place exclusively. The filament is
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Fig. 2.11 Hour glass model and quantum point contact description of the CF. a The filament
is described as 1D parabolic potential well with an addition potential barrier along the filament
defining a saddle surface (b) in the x, y, E-space. The quantized energy levels En in the transverse
direction depend on ωy and V0 only. The transmission probability is the sum of all transmission
probabilities through all transverse channels and depends on ωx . The total current is obtained by
integrating the transmission probability over the voltage drop across the electrodes (i.e. Vox). (c)
Fitting of the experimental I–V is reported using our hour glass model. Experimental data find good
agreement modeling the constriction with≈100 particle for the LRS and≈25 particles for the HRS
[a, b reproduced from [73]]

described as a 1D parabolic potential well with an additional parabolic potential
barrier along the filament as in Fig. 2.11a. The two potential barriers describe in the
x, y, E-space a saddle surface as in Fig. 2.11b. The equation of the saddle surface is
represented by:

E(x, y) = eV0 − 1

2
mω2

xx
2 + 1

2
mω2

yy
2 (2.6)

In which, V0 relates the position of the Fermi level inside the constriction, ωy defines
the constriction width and the quantized energy levels En available for conduction,
while ωx determines the length of the tunnel barrier inside the constriction.

Using the Landauer formula [72] to relate the conductance to the transmission
probability, the current inside the filament is obtained by integrating the transmission
probability at each En over the available electron energy range.

T(E) =
N∑

n=0

{1 + exp[−2π(E − En)/�wx]}−1 (2.7)

I = 2e

h

∫ qVox/2

−qVox/2
T(E) dE (2.8)

Themodel is able to account quantitatively for the dynamic switching events (oxygen
vacanciesmigration) aswell as for resistance changes and their statistical distribution
[73, 74]. The CF is treated as a single sub-stoichiometric HfOx region where faster
ion drift-diffusion occurs. In a first approximation we consider that ion diffusion
takes place only inside the filament. The filament is in essence a container of V ..

o ,
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where except during its forming, no generation or annihilation of vacancies can
happen. In other words, the initial electroforming imposes the structure to the CF
and the successive transitions between LRS and HRS are determined by changes
in the number of V ..

o in the constriction. This model is often called hour-glass due
to the pictorial representation of the CF as an atomic-scale constriction connecting
two electrons reservoirs. The geometry of the constriction (width and length) is
determined by the number of oxygen vacancies contained. From the saddle surface
equation, two parameters define the shape of the constriction ωx and ωy their inverse
provides the constriction’s length and width respectively. Assuming a symmetric and
abrupt potential drop at both electrodes as schematically drawn in (Fig. 2.11a), the
quantized energy levels En in the transverse direction depend on ωy and V0 only.
The transmission probability is the sum of all transmission probabilities through all
transverse channels and depends on ωx. The total current is obtained by integrating
the transmission probability over Vox. The modulation of the number of vacancies
(ωx) leads to different current values which are calculated by the model. In other
words, wider constrictions corresponds to LRS states while narrow represents HRS.
It is worth noting that once fixed a size for the volume of interaction of the oxygen
vacancy the number of defects contained in the CF can be quantified starting from
the I–V characteristic. In Fig. 2.11c the good agreement between the experimental
I–V curve and the QPC model is reported for one of the device investigated in this
work.

2.3.4 VCM Device Optimization

Although thematerial-systempresented (Hf/HfO2) showsgoodperformance, in prac-
tice, the extensive engineering of the VCM stack (in particular for commercial appli-
cations) has led to devices with enhanced performance. Now that the reader knows
about basic principles and figure of merits for oxide VCM, in this section some of
the solutions designed to optimize the memory device are described.

Oxide selection: although the list of working materials for RS is extremely long, the
major focus for high-performance application is currently on bilayer structures using
HfO2 and Ta2O5 [60, 63]. In particular to date Ta2O5 has provided record endurance
and has been already introduced in commercial products [60, 75]. As explained the
bilayer structure provides the V ..

o profile needed for formation/injection of defects
in the CF. Many materials have been explored as oxygen scavenging-layer [62] but
current designs are based on sputtered thin film of the related metal contained in
the transition metal oxide i.e. Hf for HfO2 and Ta for Ta2O5. For the sake of large
area integration and reliability amorphous materials is generally preferred versus
crystalline oxides which are showing higher dispersion of median values due to
local material fluctuation induced by crystalline grains and grains boundaries [63].
A known approach to limit the crystallization in HfO2 is the alloying during the ALD
deposition with aluminum. As often reported VCM based on Hf1−xAlxOy maintains
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good switching performances improving device uniformity in high density appli-
cations [63, 76]. The oxygen partial pressure control in case of reactive sputtering
deposition is another approach to modulate the properties of the switching oxides.
Generally a more stoichiometric oxide leads to increased resistance for both LRS
and HRS. This can be a possible solution to reduce the reset current, but it presents
a trade off with the operative voltages which are also increased [60].

Oxygen-inert electrode: originally considered of minor importance, the role of
the inert electrode becomes strategic for high performance application due to its
interaction with the CF constriction. As will be presented in the next chapters the
constriction of the CF is positioned next to the more oxygen-inert electrode (TiN in
our case). Different studies have demonstrated that the chemical interaction between
this electrode and the CF can be very detrimental for the switching [62, 77]. TiN
has been traditionally used for integrated devices. Ab-initio modeling has shown that
points defects such as nitrogen vacancies or dangling bonds in the TiN can locally
reduce the energy barrier for oxygen to react with the metal and thus enhance the
CF degradation [77]. For this reason materials showing high activation energy for
oxygen in-diffusion such as ruthenium can offer extended endurance, robustness
against breakdown and overall improved device lifetime.

Device encapsulation: due to themajor role of oxygen in the switchingmechanisms,
it is extremely important to insulate the CF from any undesired oxygen interactions.
To this end most of the high performance devices are carefully encapsulated limiting
the oxygen in-diffusion from the outside. Another major issue can arise from regions
where fabrication-induced damages (for example etching) increase the content of
oxygen. Special care has to be taken in order to mitigate the possibility for the CF
to be formed close to the edges of the device (where these damages are present).
This approach has been recently proposed for the precise positioning of the CF in a
28-nm integrated TaOx-based device [78].

Architectures: in common with CBRAM, the possibility to realize a dense cross-
point array of VCMs is also limited in reality by the sneak path problem [47]. Most
of the characteristics previously defined in CBRAM hold true also for VCM. Highly
non-linear devices providing sneak path current suppression when the cell is not
accessed have been proposed also for VCM. Ovonic threshold switching, mixed
ionic electronic conductors, Schottky emission-based diodes and complementary
resistive switches are some of the explored solutions [48, 79, 80].

2.4 Review of Conductive Filaments Observation

From the previous sections it is clear that the operation of any RS device is inti-
mately correlated to the properties of the CF. Device physics, including speed, scal-
ability, reliability and failures are all dependent on the CF and its characteristics.
However, due to the extremely localized nature of the CF and its composition, the
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nanoscale observation of such filaments remains a key challenge for the commu-
nity. In the last 40 years, most of the available (physical) characterization tech-
niques have been used to directly image the CF. Beam-based and surface sensitive
techniques such as transmission electron microscopy (TEM), electron energy loss
spectroscopy (EELS), X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), electron beam induced current (EBIC), secondary ionmass spec-
troscopy (SIMS) and scanning probe microscopy (SPM) to name a few, have been
all used in the attempt to image the growth/dissolution processes in RS [81, 82]. The
reason for this is the critical importance of a direct imaging of the CF, comprise of its
compositional and chemical state characterization. To date, TEM and SEM coupled
with SPM techniques have provided a good advance to the field, and CF observa-
tion has been achieved in different material systems for both CBRAM and VCM.
This will be covered in this section with a short review of existing CF observations.
This provides also the framework in which the original experimental work reported
in this dissertation has been performed.

2.4.1 Filament Observation in CBRAM

A classic examples of CF observation in CBRAM is shown in Fig. 2.12, and is
referred to the case of a Ag filament grown in two planar structures. Figure2.12a,
shows the first report from 1976 by Hirose and Hirose [83] where a Ag CF is visible
on the surface of a As2S3 thin film. Figure2.12b reports a more recent version of this
experiment showing a Pt/H2O/Ag cell, where de-ionized water is used as electrolyte
[84]. During the switching phases a Ag CF grows with a dendritic morphology start-
ing from the (Pt) inert electrode. Although based on a large planar structure and
involving non-ideal materials for a CMOS integration, these experiments unambigu-
ously demonstrate that formation and dissolution of ametallic CF is at the foundation
of RS in CBRAM. Nevertheless the CF growth and dissolution dynamics are diffi-
cult to unravel starting from these observations. Furthermore, the structural changes
observed on planar structures cannot be generalized to bulk structures, because dif-
fusivity, solubility, redox activation energies to name few can be very different. For
these reasons, systematic in- and ex-situ TEManalysis have been used to image struc-
tural changes of the CF during switching. TEM appears as a straightforward method
to detect microstructural changes in the sample volume, even if CF localization and
ex-situ sample preparation can be detrimental for the CF integrity. In-situ TEM,
where the switching operations are induced in a TEM lamella simultaneously to the
electron beam imaging, appears as a more reliable approach. In-situ TEM results are
shown in Fig. 2.13a, for the case of a Ag/ZrO2-based device [85] and in Fig. 2.13b
for the case of CuGeTe [86]. In the scanning TEM (STEM) images of Fig. 2.13b LRS
versus HRS state of the cell are shown. The CFs are clearly connected in the LRS
case and ruptured at the Cu/CuGeTe interface for the HRS. From the comparison of
Fig. 2.13a, b it is clear that the CFs assume a conical shape with a wide base. The
position of the cone wide base is opposite to the CF growth direction and appears
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Fig. 2.12 Planar
observation of the
conductive filament. a
Optical microscopy of a Ag
(dendritic) CF grown on the
top surface of a As2S3. b
Dendritic growth of CF
imaged by SEM after
switching process occurred
in Pt/H2O/Ag cell
[Reproduced from [83, 84]]

in opposite position in the two examples. The filament growth direction, its geome-
try and the location of CF dissolution, have been widely debated in the community
due to the seemingly contradicting observations, arising from the analysis of dif-
ferent material systems [87–89]. The different geometries observed in Fig. 2.13a,b
are good examples to support what was discussed in the Sect. 2.2.2 about filament
growth dynamics and growth rate-limiting step. The overall CF properties (shape,
size and growth direction) are determined by the rate-limiting factors affecting the
material system under investigation. Specifically ion-solubility, mobility and oxida-
tion/reduction rates are some of the main parameters influencing the charge transfer
processes during the growth. For these reasons it is important to separate accord-
ing to the ionic properties of the solid electrolyte the observed CBRAM switches.
In essence, a solid electrolyte with good ionic mobility and low reduction rate will
favor the growth direction of the CF from the inert toward the active electrode, as in
Fig. 2.13a. On the contrary solid electrolyte with poor ionic conductivity and high
reduction rate will lead to opposite filament growth Fig. 2.13b. Other reports with
various CF geometries, have been imaged by in-situ TEM on a wide variety of solid
electrolytes animating the debate in the community [43, 90–93]. Particularly because
the set of phenomena involving metallic inclusions in dielectrics can be very rich
just depending on the balance between ion mobility and oxidation/reduction rates in
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Fig. 2.13 In-situ TEM experiment on dynamic filament observation. a CFs observation in CuGeTe,
STEM images are shown for the case of LRS and HRS. Raw TEM images are also shown and
converted in black and white to enhance the contrast (bottom insets). b Schematic of in-situ TEM
experiment and corresponding cross-section TEM image of fresh Ag/ZrO2/Pt device. In the inset
of the I–V cross-section TEM after electrical programming [Reproduced from [85, 86]]

the solid electrolyte. This has been the center of another in-situ TEM work, aimed
to investigate the impact of CF growth condition as function of ionic mobility and
redox/reduction rates [26]. The results are shown in Fig. 2.14 and present a model to
explain most of the observed CFs geometries. It has to be mentioned that besides the
cone-shaped CF, different combinations of the two parameters enable the evolution
of conical CFs into more cylindrical geometry or clustered metallic inclusions in the
oxide. Finally as will be covered in Chap.5 the proper combination of ion mobility
and redox rates can also induce CF wide at its ends and narrow in the middle (e.g.
hourglass shape) showing specific electrical characteristic.

Next to the analysis with TEM, another set of techniques that have enabled good
advances in the direct observation of theCF are scanning probemicroscopies (SPMs).
Thanks to their high lateral resolution and the capability to providemorphological and
electrical information of the sample at the nanoscale, scanning tunneling microscopy
(STM) as well as atomic force microscopy (AFM) have been extensively used for
CFs observation [82, 94, 95]. Compared to TEM the use of SPM limits the effort in
sample preparation and by means of the scanning conductive tip a movable (virtual)
electrode can be easily realized. In addition the variety of electrical AFMmodes gives
access to different information such as local conductivity, surface potential and also
structural/mechanical information. The unparalleled precision in tip positioning of
STM has been used to investigate the CFs growth on the surface of super ionic solid
electrolyte (Fig. 2.15) [94]. The STM tip is used to atomically control the growth of a
Ag cluster on the surface of a RbAg4I5. A small (stable) Ag cluster is grown limited

http://dx.doi.org/10.1007/978-3-319-39531-9_5
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Fig. 2.14 Model for the filament growth based on kinetic parameters. Four schematics are pre-
sented for the possible combination of ionic mobility and reduction/oxidation rates in CBRAM.
� represents oxidation (reduction) rate and µ is the ion mobility. As shown in figure, a and b
represents the two conical geometry for the CF, while c accounts for all the formation of metallic
clusters within the dielectric and d for branched CFs [Reproduced from [26]]

Fig. 2.15 STM observation of a tip-induced Ag cluster. a and b STM images of the RbAg4I5 before
and after applying the voltage pulse. The pulse length is over imposed to the filament height induced
by two different pulse amplitude d—250mV and e—350mV [Reproduced from [94]]
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by the electron charge transfer at the STM tip. A minimum size for cluster stability
has been observed at ≈5nm in CF diameter and ≈3nm in height. Similar results
combined with the observation of quantized conductance steps were obtained by
Wagenaar et al. in Ag2 during the CF growth. Atomic force microscopy techniques,
specifically with the conductive AFM (C-AFM) electrical mode, have provided var-
ious observation of the CFs as conductive spots. Yang et al. [96] investigated the
presence of CFs in 30-nm-thick TiO2-based device after the Cu top electrode has
been removed by a FeCl3 wet chemical etching. C-AFM revealed randomly dis-
tributed conductive hillocks with average diameter 100 and 40nm height (the spots
were still switchable by C-AFM tip). Similarly Park et al. [55] observed 5nm-wide
conductive spots in Cu/HfO2-based cells where the Cu source was etched after CF
formation. In this case the absence of hillocks could be explained with the control of
the current during forming and cycling reducing the morphological changes associ-
ated to the CF formation. Celano et al. [15] have used C-AFM for the local formation
and study of CFs induced by the conductive tip in CuTe/Al2O3 on blanket and also
in integrated devices [97]. In this case the top electrode removal after device pro-
gramming has been down by physical removal of the metal electrode by means of
tip-induced physical scraping (as discussed in Chaps. 4–6 of this dissertation).

2.4.2 Filament Observation in VCM

The observation of the CF in bipolar oxide VCMs has been traditionally more chal-
lenging owing to a switching mechanisms based on the movement of oxygen vacan-
cies. The local compositional change of the CF is often minimal compared to the
surrounding material, and this poses strong limitations to the analysis. Ex-situ exper-
iments and their preparation can induce undesired chemical and physical changes to
the CF. This is due to the interaction of free oxygen with the V ..

o constituting the CF,
and leads to the loss of information. One of the first attempt to relate RS to formation
of CFs was done at IBM research [98] using electron beam-induced current (EBIC)
on SrZrO3 MIM capacitor. In EBIC an electron beam is scanned across the sample,
and it locally generates charge carriers. In presence of an electric field (such as in
a p-n junctions) or in a defective site there will be a local current induced by the
e-beam that can be measured. The resultant current can be used as video signal of
the SEM enabling the sensing the inhomogeneity in the electrical properties of the
sample. After electroforming, EBIC evidenced few bright leakages posts with an
average area of 10µm2 in memory cells of 175µm diameter (Fig. 2.16a,b). EBIC
could not reveal any details on filament chemical composition but this work provided
strong evidence of the filamentary nature of RS also for VCM. Although the number
of published works is smaller as compared to CBRAM, in-situ TEM experiments
have provided interesting results also for VCM. Park et al. [99] have demonstrated
real-time measurements of a Ta2O5−x bilayer structure. A combination of high-angle
annular dark-field (HAADF) and in-situ electrical probing enables the observation of
conductive channels in the tantalum oxide layer. The observed CFs present a spatial

http://dx.doi.org/10.1007/978-3-319-39531-9_4
http://dx.doi.org/10.1007/978-3-319-39531-9_6
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Fig. 2.16 VCM filament observation. a SEM image of the MIM capacitor. b Corresponding EBIC
image with appearing conductive spots. c Micro-structural changes in Ta2Ox-based bilayer VCM.
Electron energy loss spectroscopy (EELS) analysis representing conductive channels consisting of
a Ta-rich phase (bright and yellow regions). Structural evolution for LRS to HRS [Reproduced from
[98, 99]]

extension of a few nanometers. By comparing the oxygen counts in the same region
in LRS and HRS it is clear that the oxygen concentration in the CFs is lower for the
LRS as compared to HRS, leading to a Ta rich phase for the CF in LRS as shown in
Fig. 2.16c. The same group reported also the observation of a broken down Ta2O5−x

studying the structural evolution and the oxygen composition. The result (not shown)
is a degenerated and non-recoverable CF made of a Ta rich phase.

Due to the limited TEM observations, SPM has dramatically contributed also to
the characterization of CF in VCM. One of the first materials to be investigated has
been NiO known to be a nonstoichiometric compound in which oxygen can act as
p-type dopant [100]. The passage of a biased AFM tip could induce the local con-
version between Ni-rich and Ni-deficient domains with subsequent RS [101–104].
Fundamental studies using local conductance (LC-AFM same as C-AFM) have been
conducted on perovskites such as crystalline SrTiO3 [105–107]. Single crystalline
SrTiO3 has shown good switching properties in presence of dislocations and other
extended defects. The conductive tip has been biased and used as a virtual electrode
so that local conductance changes have been observed down to 1nm conductive
spot in SrTiO3 single crystal [108]. Individual 30-nm-wide morphological protru-
sions on the SrTiO3 surface, can be locally switched showing a resistance ratio of
≈50 by Muenstermann and co-workers [106]. Owing to the role of oxygen, the
RS can be observed only under vacuum conditions. SrTiO3 study has been further
extended for the case of Fe-SrTiO3 where micro x-ray absorption has been used to
related the distribution of oxygen vacancies to different resistive states Fig. 2.17a,
b. A micro-focused x-ray beam is used to record the oxygen vacancy concentration
on a MIM structure in LRS, by measuring the Fe Kα fluorescence intensity. An
homogenous increase in the vacancy concentration is observed in the CF and over
the whole electrode area in electroformed devices. The introduced oxygen vacancies
act as n-dopants and enhancing electron contribution in conduction band [109]. The
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Fig. 2.17 Ex-situ CF observation. a FeKα fluorescence intensitymap showing the area of theMIM
device (solid red line). The CF appears as local vacancy enriched spot dashed red line. b Schematic
representation of the PMCM setup, used for the localization of the CF in the Ta2O5-based VCM.
c Resistance map showing the position and size of the CF area. d Cross-sectional observation and
dark-field TEM analysis of the CF structural composition [Reproduced from [109, 115]]

same group also combined a cleaving delamination technique to C-AFM to study the
switching interface after metal top electrode removal [105]. Large part of the under-
standing gained on perovskites could be extended to other material systems such as
TMO-based bipolar VCM. C-AFM for example, has been extensively used in the
characterization of TiO2, ZnO2, HfO2, SiO2, WO3 and Ta2O5 [110–115]. A combi-
nation of SPM and TEM has been proposed by Miao et al. [115] at Hewlett–Packard
labs, they have used ex-situ TEM and pressure-modulated conductance microscopy
(PMCM). The CF is induced in a Pt/TaOx/Ta device, and subsequently located by
PMCM. A non-conducting AFM tip it is scanned over the device area at high pres-
sure. Bymonitoring the device resistance it is possible to obtain a spatially correlated
map of resistance as function of the tip position (Fig. 2.17b). The CF appears as a
local lowly resistive spot of≈100nmwithin the device area. A TEM lamella is taken
in correspondence of the CF and the structural composition of the CF is investigated
by means of high resolution TEM. In dark-field TEM the CF is shown next to a 5nm
wide nanocrystal indicating a local phase change in the amorphous Ta2O5. Due to the
high crystallization temperature required, the presence of this local crystallization
indicates that very high temperature is locally induced during RS. Consistently with
previous observations the presence of oxygen in the CF central region is decreased to
less than one third of that of pristine film. As will be shown in Chaps. 4 and 5, Celano
et al. [116] have used an SPM-related techniques to visualize in three-dimension the
CF in Hf/HfO2 blanket sample and integrated device.

http://dx.doi.org/10.1007/978-3-319-39531-9_4
http://dx.doi.org/10.1007/978-3-319-39531-9_5
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2.5 Summary of the Chapter

In this chapter we have reviewed the possible implementation of bipolar resistive
switching devices, focusing on two specificmaterial systems, Cu/Al2O3 for CBRAM
and Hf/HfO2 for VCM. The basic operative principles have been introduced for both
technologies. Details on the devices fabrication and the main figure of merits have
been provided for the test vehicle studied in this thesis. The advantages offered
from each material system have been outlined and a review of the possible opti-
mizations strategies has been provided. Finally, since this thesis is devoted to the
study of resistive switching physical mechanisms, a brief literature review of the
physical characterization of conductive filaments has been reported. The CF has
shown scalability of its dimensions in the nanometers regime for both technologies.
While filaments based onmetal cations have proved increased stability enabling their
direct observation by means of SEM, TEM and SPM. The observation of the CF in
VCM is hampered by the interaction of the CF with the environmental oxygen. Thus
requiring often, indirect CF observation techniques such as ex-situ XPS or EBIC.
However, the observation of the CFs in three-dimension or in integrated devices has
always represented a further challenge whose solution is presented in the rest of this
dissertation.
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Chapter 3
Nanoscaled Electrical Characterization

3.1 Overview

The nanoscale control afforded by scanning probe microscopy has rapidly made it
a key tool for nanotechnology [1]. The development of SPM in many directions has
led to unprecedented access to the nanoscaled properties of materials [2–6]. The idea
of obtaining information from an object by scanning a small tip on its surface is very
old. We use it to find the light switch in a dark room or to play music in old-fashion
record players. At the beginning of the 80s G. Binnig and H. Rohrer decided to apply
a similar approach to image surfaces of solids with a lateral precision down to 10 pm.
The invention for which they have been awarded with the Nobel prize for physics in
1986 is the scanning tunnel microscope (STM) [7]. A sharp metallic tip is scanned
over the surface at a distance of less than 1nm. This distance can be kept constantwith
pm precision thanks to a quantum mechanical effect namely the electron tunneling.
In essence, a tunneling current is flowing between two electrodes when they are
spaced by a small distance although not in contact. This is due to the delocalized
wave function of the electrons of the outmost atoms constituting the two electrodes.
Interestingly, the intensity of this tunneling current decays exponentially with the
tip-sample (electrodes) distance, enabling the current to flow from the very last atom
of the tip apex. Having a single atom responsible for the conduction of the tunneling
current leads to atomic resolution. Figure3.1a, represents the standard measurement
setup for STM. The tip is moved in three-dimensions (3D) by piezoelectric actuators.
Once the level of tunneling current is fixed, an electronic controller is used to keep
the value of the current constant by changing the position of the tip and thus creating
a nanometer precise profilometer. The tip displacement is recorded by a computer
during the raster scan of a portion of space and the surface image is generated.
Although the invention of the STMdetermined amilestone for physics, in the original
design it required conducting surfaces to operate and this limited its application.

To overcome this limitation, AFM originated as an extension of STM. The first
design proposed by G. Binning et al. [8], was based on a sharp probe attached to a
cantilever (spring) which was brought in contact with the sample surface. The forces
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Fig. 3.1 General SPM setup. a Schematic of STM, where the z distance is controlled by a feedback
circuit (driving the piezoelectric scanner) keeping constant the tunneling current flowing between
the last atom of the tip and the (conducting) sample. Tip-surface detailed illustration is in the inset,
note the distance between the tip and the conducting sample. b Schematic of AFM configuration,
the tip is mounted at the edge of a micro fabricated cantilever, and brought in repulsive force
regime on the sample. The beam deflection is recorded by a position-sensitive detector (4-quadrant
photodiode)

acting between the sample and the tip induced a displacement of the tip (deflec-
tion) on the cantilever. A second STM tip was used to control the tunneling current
between tip and the backside of the cantilever. The latter approach enabled the precise
force control between the tip and the sample surface during the scan. This configu-
ration has been exceeded when Meyer and Amer [9] proposed the usage of a laser
beam reflection on the backside of the cantilever to observe the tip-sample forces.
This is still the most common configuration for AFMs (known as beam-deflection
design) and it is based on a position-sensitive quadrant photodiode in which the laser
beam is reflected from the backside of the cantilever. The output of the photodiode
is converted to tip displacement and recorded by a computer during the raster scan
to directly image the surface morphology (Fig. 3.1b). It goes without saying that all
kind of surfaces (conductive and insulating) can now be investigated. In addition
this approach enabled the simultaneous sensing of other surface properties such as
mechanical and electrical parameters by selecting different tip materials or by apply-
ing a tip-sample voltage [10]. This has been probably the most disruptive innovation
that led to the big success of AFM-based techniques. After few years from its intro-
duction AFM has rapidly found applications in a wide range of fields spanning from
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semiconductor physics [3] to biological materials [11]. However, the wide AFM
application came at the price of reduced lateral resolution. The latter is now limited
to the tip-radius of the micro-machined tip and not anymore to the outmost single
atom of the STM tip, thus reducing the lateral resolution from Å to few nanometers.
The atomic force microscopy has proved to be tremendously adaptive to assess not
only topography but also a wide range of other properties. Among various applica-
tion in physics, chemistry and biological science AFM-based techniques have been
extensively applied to micro and nano electronics [6, 10]. By using a biased con-
ductive tip, AFM has enabled the sensing of electrical properties at the nanoscale
in a wide range of applications [10]. Exploiting the measurement of local current,
voltage, resistance or capacitance, the nanoscopic access to a wide range of material
properties has rapidly increased revealing surface charges [12], dopant profiles [13],
piezoelectricity [14], and others. For the characterization of electronic devices AFM
offers different techniques: conductive atomic force microscopy (C-AFM), which
represents the main topic of this dissertation, then scanning capacitance microscopy
(SCM) and scanning spreading resistance microscopy (SSRM) for dopant profil-
ing and implant mapping, magnetic force microscopy (MFM) and kelvin probe
force microscopy (KPFM) to study respectively magnetic field and surface potential
distribution.

The ample set of tip-sample interactions and their different detection led to the
development of different AFM operation modes. These can be divided in static and
dynamic modes, where the static bending of the cantilever or its dynamic properties
are respectively measured. For example, an effective way to record the topography of
the sample is maintaining the cantilever bending constant during the scan. This is a
static mode called contact mode. Onemight be interested in recording the long-range
forces such as magnetic or capacitance and in this case, it is more effective to scan the
tip at a constant height from the surface recording any cantilever deflection. This is a
dynamic mode, wherein other properties rather than cantilever bending are measured
i.e. vibrational eigenfrequency, oscillation amplitude or phase shift. Maybe the most
famous dynamicmode is represented by intermittent non-contact AFMoften referred
as tapping mode. Here the cantilever is excited by a piezoactuator to oscillate at a
frequency near to its mechanical eigenfrequency (10–500 KHz). The tip oscillation
has an amplitude of 20–100nm, and is progressively reduced in order to achieve an
intermittent contact (“tap”). The tip-sample interaction is measured by the frequency
shift. This induces high sensitivity for the existing forces and provides higher lateral
resolution to the technique. In addition the reduced tip-sample contact and minimal
lateral forces reduce the tip degradation. Unfortunately the limited contact does not
allow current measurements in tapping mode. Similarly also SCM,MFM and KPFM
are based on dynamic modes where long-range force (E field, H field and contact
potential) are responsible for the cantilever deflection. On the other hand, C-AFM
and SSRM require a physical contact to exist between tip and sample. They belong
to the family of contact modes and enable the recording of an electrical current
flowing in the tip-sample system. Recently, static and dynamic modes have been
combined into a powerful hybrid technique named Peak Force TappingTM, this will
be introduced in Sect. 3.4. Finally, due to the growing interest in confined volumes
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characterization in Sect. 3.5, we discuss the original experimental work to achieve
3D analysis using SPM. This is done in view of the extensive use of this technique
in the following chapters particularly for the observation of conductive filaments in
resistive switching memory.

3.2 Conductive Atomic Force Microscopy

C-AFM is a sensing technique to probe local conductivity variations in high to
medium resistive samples such as thin dielectrics deposited on conductive substrate
(e.g. n-doped Si for example). A conductive tip is scanned in contact with a biased
sample, meanwhile the topography and current are simultaneously recorded. The
conductive tip is used as a virtual electrode scanning at constant force onto the sample
surface. The lateral resolution in this configuration is determined by the radius of
the tip-apex (tens of nm). The current noise level is determined by the low-noise
current amplifier and by the stability of the tip-sample electrical contact. A typical
value for the AFM scan size varies from 100× 100 nm2 to 10× 10 µm2. In this area
C-AFM enables the direct correlation of local topography and electrical properties.
A schematic representation of the C-AFM setup is illustrated in Fig. 3.2. C-AFM has
two modes of operations: the imaging- and the spectroscopy-mode.

Imaging mode—when used in imaging mode, the current flowing through the tip
is recorded while the tip is scanned on the biased sample. The bias is applied to
the sample and the tip is grounded (connected to the virtual ground of the current
amplifier). The result is a nanometer-resolved image where morphology and conduc-
tivity of the sample are correlated. Since the tip is physically dragged on the sample
surface, mechanical parameters such as tip-velocity, load force, surface quality and
applied bias determine the tip degradation. The tip velocity is imposed by the scan

Fig. 3.2 C-AFM schematic. Based on contact mode AFM, during the measurement the tip experi-
ences a repulsive force due to the physical contact with the surface (as in the inset). The sample is
biased and the tip is connected to a current-to-voltage low-noise amplifier (C-AFM sensor). In this
configuration the electronic current that flows through the tip-sample system is recorded
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frequency (e.g. the time for the tip to draw a scan line), the latter is generally kept
in range 0.2–1Hz. The tip load force is strongly dependent on the sample, tip mate-
rial and application. For example, C-AFM is generally performed from a fraction
of nN to several µN while SSRM requires the µN force regime. Surface properties
are often independent from the user choice, sample roughness, water affinity and
the presence of contaminants can dramatically affect the measurement. For instance
an hydrophilic material will easily contaminate the tip apex or a rough sample will
accelerate the wear of the tip coating. In the standard configuration C-AFM is usu-
ally done in air. The usage of vacuum, controlled humidity and inert atmosphere can
improve the result by removing the thin layer of water adsorbed on the tip and sample
(meniscus), and minimizing the potential surface oxidation [15]. Finally, the applied
bias between tip and sample induces a high electric field under the tip that can affect
the results. A notorious case is the tip oxidation induced by a positively biased tip
in presence of adsorbed water and therefore OH− groups [16]. Similarly, by revers-
ing the bias, if the sample is prone to oxidation the high field could induce surface
modification (hillocks or bumps). This simple effect has been extensively studied as
a probe-based patterning technique in literature [4], but it can be very detrimental
when undesired. In general when working in air, the voltage is applied negative to
the sample and the tip acts as an electron collector. In other words, the degrada-
tion of the surface is minimized at the price of a shorter tip lifetime. Additionally,
when studying dielectrics layers such as high-κ, the electron barrier is provided by
the semiconductor/oxide interface, enabling the study of the conduction band offset
between Si and oxide. However, as will be discussed in Chap.4, due to the bipolar
nature of resistive switching (RS) is not possible to limit the C-AFM to operate in a
single polarity.

Spectroscopy mode—in this configuration the tip is held steady in position in con-
tact with the sample (constituting a nanosized capacitor). A voltage is ramped and
simultaneously the current is measured thus recording current–voltage (I–V) and
current–time (I–t) characteristics. In a simple approximation the setup is described
by a capacitor (C) in parallel with a resistor R. Depending on the application it can be
relevant to divide the R in the series of resistances representative for the tip, the sam-
ple and the back contact. This is the case of SSRM, where the tip-sample resistance
has to dominate the series of resistances to successfully measure [17]. Also in case of
conductive filament (CF) formation, the tip resistance has a primary role since it will
limit the current flowing into the CF during the tip-induced operations. The speed of
the voltage ramp is limited by the presence of the tip capacitance (≈pF), inducing
a displacement current Idisp = CdV/dt . Such displacement current scales linearly
with the ramp speed and it adds to the measured current. For this reason, the voltage
is generally swept in a quasi-static DC mode at a rate of 10 V/sec at maximum. An
example of the two imaging modes is provided in Fig. 3.3.

Independently from the mode, the electronics of the AFM is limited to a voltage
range from−12 V to 12 V. Current-to-voltage (transimpedance) linear amplifiers are
preferred for current sensing in view of their faster response to the input changes.
This generally imposes some limitations for their dynamic range and for this reason

http://dx.doi.org/10.1007/978-3-319-39531-9_4
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Fig. 3.3 C-AFM operation modes. a In imaging mode the topography (z range 2nm) and current
(z range 50 pA) is reported for a thin SiO2 layer (1.5nm) grown on n-type Si (scan bar 200nm).
b The output of the spectroscopy mode is the tip-sample I–V characteristic

more than one amplifier is often required depending on the application. The C-AFM
sensor measures current from 100 pA to 1µA while tunneling AFM (TUNA) sensor
records current from 1pA to 100 pA. The maximum measurable current does not
limit the current that flows in the tip-sample system, although the sensors have an
internal 1 k� resistor to limit the current below 1 mA and to protect the hardware.
Later in this chapter, the parallel use of multiple linear amplifiers is proposed in order
to extend the dynamic range with no impact on the scan speed. Thanks to our custom
configuration in this work we could access current sensitivity from 1 pA/V up to 100
µA/V leading to measurable current from 1 pA to 2 mA. In this dissertation different
AFM systems have been used: Digital instrument Dimension 3100 (Bruker), Envi-
roScope AFM (Bruker), Dimesion Icon (Bruker) and Agilent 5500 AFM (Agilent).
Various operational modules have been alternatively applied: C-AFM, TUNA and
Peak Force TUNA (Bruker), Resiscope (CSI) and external variable gain amplifiers
(FEMTO DHPCA-100). For the sake of simplicity whether not specified with the
term C-AFM we refer to any of the aforementioned sensors.

3.2.1 Conductive Tips

Thanks to the major advance of semiconductor fabrication processes, AFM tips are
generally manufactured starting from silicon. Alternatively silicon nitride is used
for the tip body, the cantilever (spring) and also for the tip-apex. For the electrical
measurements however, the silicon tip-apex is not a good solution due to oxidation
of silicon in air. Therefore, for electrical SPM the tip is coated with a thin metal
layer after fabrication. Originally, in view of their inertness noble metals such as
gold or platinum have been used, tip radii of 20–50nm have been achieved. They
are still very common for dynamic electrical modes such as KPFM or SCM, but
due to fast wear of the coating those tips are not commonly used in contact modes.
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Alternative coatings such as Al, Pt/Ir, Pt/Si, Cr, Co/Cr, TiN, W and diamond have
demonstrated improved performance [18, 19]. All metal tips have been proposed
too [20]. Interesting new concepts have been recently suggested, carbon nanotubes
and nanowires for an increased lateral resolution [21], or small metallic inclusion at
the apex of tip coated by a thin oxide [22]. Although in an exploratory phase these
solutions can considerably improve the resolution of the measurements.

When contact mode is combined with high load forces, the only viable solution to
limit tip wear is represented by doped-diamond tips. There are two major solutions
proposed: (1) a CVD coating of diamond nanocrystallites combined with an in-situ
gas-phase boron doping. This results in an increased tip radius due to the average size
of the crystallites (20–50nm). In addition, despite the diamond coating, the Si tip
can still be fragile, and commercially available high aspect ratio diamond coated tips
can break close to the apex. (2) The other solution is offered by the full diamond tips
(FDT)wheremolding technique is used to fabricate a bulky diamond tips which offer
better resistance to wear [23, 24]. They also demonstrate excellent spatial resolution
≈5nm since the apex of the tip may consist of a single nanocrystal enhancing the
tip sharpness [25]. In-house fabricated diamond-tips (FDT) have a low aspect ratio
pyramidal shape that provides an enhanced mechanical stability enabling superior
performance in SSRM or high force C-AFM. The current design of FDT uses a Ni
cantilever with integrated boron-doped diamond pyramids. A pyramidal mould is
patterned on silicon wafer and filled with diamond deposited by hot-filament CVD
(HFCVD). A gap-phase boron doping during the HFCVD deposition allows the
resistivity of the diamond layer to get ≈0.005 � cm [25]. Three tips are mounted
on different cantilevers to provide different spring constant (k) values as shown in
Fig. 3.4a. As discussed in the following sections the usage of FDT for C-AFM can

Fig. 3.4 Scanning electron microscopy of conductive tips. a Mosaic of boron-doped diamond tip
(FDT). The three-cantilever design and the pyramidal tip are shown in SEM. TEM cross-section
shows details of the tip-apex (scale bar 20nm). bCommercial metal coated Pt/Ir tip (scale bar 5µm)
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be beneficial for their high electrical resolution as described in Sect. 3.3, and for the
application of high load forces (scalpel SPM).

Due to existing physical contact between tip and sample the stiffness of a cantilever
is very important for C-AFM. The stiffness is given by the spring constant, and for
a rectangular cantilever this can be calculated with:

k = Ewh3

4l3
(3.1)

where E is the Young’s modulus of the cantilever material, h is the thickness, w is
the width and l the length of the lever. The tip spring constant is a variable parameter
and it ranges from below 0.01 N/m to hundreds of N/m. In Fig. 3.4 full diamond tip
(a) and commercial Pt/Ir coated tip (b) are shown. For the type of applications in this
dissertation, the range of spring constant goes from 2–30 N/m and the experimental
work is done with both types of tips shown in Fig. 3.4.

3.2.2 Contact Forces

The quality of the physical contact existing between the tip and the sample reflects
on the topographic and electrical images. Contact mode AFM relies on the repulsive
force regime acting on the AFM tip. Similar to any mass and spring system the
deflection of the cantilever can be described by the Hooke’s law. The normal force
acting on the tip is calculated by multiplying the spring constant with the deflection,
where the tip spring constant (k) is a variable parameter depending on tip geometry
and material. The final position of the tip is provided by the equilibrium of forces
acting on the tip-sample system.Attracting long-range forces have to be compensated
by short-range repulsive force and the force exerted by the cantilever (spring) has to
be summed (Fig. 3.5a).

Electrostatic forces (FE ) are generally considered long-range forces because they
can influence the tip at a mesoscopic scale (the whole cantilever), although their main
contribution is due to the E field fringing induced at the tip-apex (inset Fig. 3.5b).
While Van der Waals forces based on dipoles interaction, are considered at the limit
between short and long range forces since they don’t act only on the tip-apex but they
don’t affect the whole cantilever (≈10nm interaction range) [26]. However, when
working in air, the force exerted by the layers of absorbedwater, surface contaminates
i.e. meniscus (FM ) or capillary force, become dominant.

In the presence of an external voltage, the tip-sample capacitor will experience
also an electrostatic force. In the simple approximation of a parallel plate capacitor,
the electrostatic force experienced by the tip can be approximated by:

Felect = Q2

4πε0kd
(3.2)
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Fig. 3.5 Force balance on the AFM tip. a Schematic of attractive and repulsive forces acting on a
contact AFM measurement. The force exerted by the cantilever is chosen in order to minimize the
resulting force but avoiding the tip jump-of-contact. b Electrostatic force experimentally measured
on a Pt/Ir tip having a k value of 0.2 N/m. The tip is lifted (non-contact few nm from the surface)
and the cantilever deflection is measured as function of the applied voltage

In which Q2 = C2V2 is the square of the charge stored in the capacitor, ε0 is the
dielectric constant of the air, k the dielectric constant of the oxide layer and d the
thickness of the oxide. By inserting some reasonable numbers for the capacitance
(≈pF), oxide thickness (d= 3nm), SiO2 as oxide (k = 3.9) and voltage (V= 5V) the
approximated electrostatic force lies below 5 nN. It is worth noting that in a standard
C-AFM measurement the force acting on the tip goes from tens to hundreds of nN,
therefore the contribution of the electrostatic force does not affect the results unless a
soft tip and smaller forces are involved e.g. organic materials. However, the presence
of the electrostatic force can be easily measured by lifting the tip (in non-contact few
nm far from the surface) and observing the tip deflection as a function of the applied
voltage. In this configuration every added force during the voltage sweep induces
a measurable deflection on the tip. Figure3.5b shows an example using a Pt/It tip
having k = 0.2N/m. The quadratic dependence of the forcewith the voltage is clearly
visible as the experimental data are fitted with a simple Felect = αQ2 function.

Van der Waals forces originate from dipole-dipole interaction (inset Fig. 3.5a).
Their decay distance is considered in the order of few nm (≈10nm) [26]. Their
intensity is however limited to few nN and thus not exactly relevant in this context
[1]. On the contrary the presence of a thin layer of absorbedwater vapor on the tip and
the surface induces capillary forces. As reported elsewhere, [27, 28] their maximum
contribution can be estimated as:

Fcapil
max = 4πRγcosθ (3.3)

where R is the radius of curvature, γ the surface tension of the absorbed liquid, and θ
the contact angle.As reported byStifter et al. [28] capillary forces can reach tens of nN
and therefore they are more relevant of Van der Waals forces. They represent a lower
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limit for the minimum force applied between tip and sample when working in air,
because they have to be compensated by the repulsive force. Owing to this, humidity
in contact mode AFM affects contact size and degrades the lateral resolution. Due
to the absence of the absorbed meniscus layer in ultra-high vacuum conditions, it
has been often reported an improved (topographical) resolution. Another solution
to remove the capillary forces is the immersion of tip-sample and the measurement
in liquid (not easily applicable to electrical modes). Finally, short-range forces can
arise from the overlap of electron wave functions or ionic interaction. They can
be attractive or repulsive although their short extension (<1 nm). Those forces are
generally in the order of few nN and therefore they affect more dynamic AFMmodes
(non-contact).

3.2.3 Artifacts in C-AFM

In this section the possible artifacts of C-AFM are discussed. In common to all
the AFM techniques, topography artifacts arise mostly from the tip geometry. As
introduced in the first section of this chapter a degraded tip apex limits the lateral
resolution of the topographic features. This is the most common artifact in contact
AFMs; such that can limit the observation of the convolution between the real surface
and the tip apex. This impacts on the size, shape and aspect ratio of the measured
object. For example a spherical shape could appear as a square if probed with a
blunt tip. Figure3.6a shows the case of a 3× 3 array of Si cylindrical nanopillars

Fig. 3.6 Topography artifacts in C-AFM. a Comparison between a blunt and a new tip in imaging
the topography of vertical Si nanopillars (z range 30nm, scale size = 1.3× 1.3 µm2). b Highly
porous Si is imaged using low and high load force respectively for the top and bottom half of the
scan (z range 5nm, scan size = 300× 300 nm2)
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the information on their shape is completely lost due to the squared tip-apex. More
complicated geometries, such as multiple tips can create fake repetitive features in
the acquired image. A detailed treatment of morphological artifacts for dynamic and
static AFM modes can be found in the work of Meyer [1]. Another common artifact
in contact mode AFM, is induced by the absorbed layer of water (meniscus) on the
sample surface. In Fig. 3.6b the micro porosity of a Si surface is imaged; a low force
is used for the top half of the image and the force is increased in the bottom part.
The thin meniscus layer shields the observation of the fine porosity inducing the tip
to scan on the water layer. In both cases the tip experienced a repulsive force regime
although only the highest load force enabled a good imaging. It is clear from these
examples that the optimal combination of tip and load force can be determined only
once the sample and its properties are well known.

Beside the topography, in C-AFM also the current channel can be affected by arti-
facts. A standard C-AFM current map is shown for a thin (3nm) SiO2 layer scanned
by a biased-tip in (Fig. 3.3a). The result is a uniform and random distribution of
leakage spots in the current map. The electrical resolution, treated more in detail on
Sect. 3.3, can be defined by the portion of the tip-sample contact-area having mini-
mum resistance for the current. The size of this conductive spot in C-AFM (≈10nm2)
has been experimentally evaluated [29]. This area can be thought as the conductive
spot through which the current is physically flowing. Once this area comes across a
conductive area of the sample there will be a geometrical convolution between the
conductive spot and the surface conductive feature. This leads to the existence of
electrical artifacts (similar to the topographic) depending on the geometrical shape
and quality of the electrical contact area. This will affects the electrical analysis with
artifacts directly visible on the C-AFM current map (Fig. 3.7).

In commonwith themorphological artifacts inducedby tip-shape effect (Fig. 3.6a),
a degraded electrical contact area will affect the conductive lateral resolution. In
these situations all the conductive features in the current map will appear with the
same shape (Fig. 3.7a). This condition is often not recoverable and the tip has to be
changed. Another possible source of artifacts is the contamination of the conductive
tip with a consequent increase in the tip-sample contact resistance. Two cases can be
observed: (1) a partial contamination, leading to tip-contact resistance enhancement
and (2), a full contamination leading to tip isolation. Working in air and especially
for hydrophilic materials (high-κ or organic materials) this is a common artifact due
to the presence of meniscus and other contaminants on the surface. The first type of
contamination can be identified due to a progressive reduction on the intensity in the
measured current during continuous scan or alternatively, for the evolution of a fully
conductive spot into a spiked-type of conduction (Fig. 3.7b, c). Since the partial tip
contamination does not completely insulate the tip, this artifact can be more difficult
to identify as compared to the second. Indeed, when the tip completely loses its
conductivity, the current map shows a sudden change similar to Fig. 3.7b but more
severe. Different solutions can be proposed to get rid of the tip contamination such
as increasing the load force on the cantilever trying to remove the contaminant, this
can be done in scan mode or also in repeated point-contact mode alternatively with
or without voltage applied. Finally when operating C-AFM with soft cantilevers,
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Fig. 3.7 Electrical artifacts in C-AFM. a Electrical version of the tip geometrical artifact, two
single conductive spots imaged by a degraded tip with a double electrical contact are imaged as
multiple spots (z range 20 pA, scale bar 10nm). b Uniform contamination of the tip results in an
enhanced tip-sample contact resistance inducing a (sudden) decrease in conductivity (z range 10
pA, scale bar 500nm). c Partial tip contamination can induce a partial loss of conductivity reflected
as a peaked-signal when scanning a conductive spot (z range 50 pA, scale bar 20nm)

frictional and lateral forces can induce severe bending. These effects are known to
induce in topography artifacts known as parasitic deflection [1, 5]. They can effect
the electrical contact area inducing an undesired enhancement of the tip-sample con-
tact resistance similar to the partial tip contamination. Meyer [1], proposes the usage
of triangular cantilever in these cases to minimize the impact of lateral forces.

C-AFM has often been described as an STMwhereas the vacuum gap between tip
and sample is replaced by a thin oxide [10]. As such the tunneling current through the
thin dielectric can be measured and the defects states probed. The presence of highly
conductive features in a insulating material can induce a proximity-effect leading to
lateral transport due to tunneling currents that contributes to an overestimation of the
conductive spot. This can be seen in Fig. 3.8a where a conductive wire, (for instance
a CF) appears as a circular conductive spot. Due to the high conductivity of themetal,
the tip will start to experience a tunneling current already when in proximity of the
wire. The exponential decay of the tunneling current will lead to an overestimation
of the spot size in the order of ≈1nm. This type of artifact becomes relevant when
the features investigated are within the 10nm2 regime. The last electrical artifact
described can be considered more an instrumental effect, due to the AFM electron-
ics. However this is a relevant artifact because it can easily be confused with a real
physical measurement. As introduced in Sect. 3.2, the reduced dynamic range of
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Fig. 3.8 Technique induced and instrumental artifacts in C-AFM. a Electrical resolution of C-
AFM can be enhanced when the tip goes in proximity of a highly conductive region due to a lateral
tunneling effect. b Hillocks in topography can also appear when the current amplifier saturates due
to channel coupling in the DAC and ADC converters with the AFM controller. In the example a
breakdown spot in 10nm TiO2 is investigated (scale bar = 100nm). Hillock appears in correspon-
dence of pixel saturated in current map. A second scan with reduced or null bias, avoids the sensor
saturation and confirm the absence of any standing surface modifications

linear amplifiers is the price to pay for their fast response. This implies that a
(standard) C-AFM amplifier, will often saturate during measurements if the cur-
rent exceeds the value of 1 µA. Fast (100 kHz) and ultra-low noise digital-to-analog
(DAC) and analog-to-digital (ADC) converters are used for fast acquisition of the x-y
scanning and the z deflection in manyAFMdesigns. Similarly, also the electronics of
the C-AFM sensor lies in the same circuit. The saturation of their inputs induces the
generation of a saturated output acting as a parasitic also for the z deflection signal.
This induces the formation of an artificial spike signal erroneously converted by the
AFM controller as a hillock in topography. The effect is very distinctive and it can be
seen as one or more spikes in the topography map in correspondence of the saturated
pixels in current (Fig. 3.8b). In essence, the observed hillocks are not real surface
modifications and a simple second scan (avoiding the sensor saturation) will show
the real surface morphology (Fig. 3.8b). Hillocks have been often related to transient
phenomena such as the sudden removal of the electrostatic force during uncontrolled
discharge through the oxide. And in this framework, they might be seen as very inter-
esting for a transient electrostatic characterization [30]. But unfortunately this does
not correspond to the reality, indeed by connecting the C-AFM sensor directly to
a current source, it can be easily demonstrated that when the current injected over-
comes the nominal value of 1 µA, hillocks are introduced in the topography. The
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latter can be reproduced during scan or even with the tip in false-engage. Finally,
the same effect can be also observed at lower current if the sensitivity in the C-AFM
sensor is reduced (for example at 101 nA if the sensitivity is set at 10 nA/V = 100
nA max detectable current).

3.2.4 Electrical Lateral Resolution

The lack of a true atomic resolution in topography for C-AFM has been traditionally
explained by the fact that the tip-sample contact is larger than atomic dimensions.
This is generally true for the topography of all the contact modes, which is assumed
to be limited to ≈10 nm (depending on the tip radius). Unfortunately, in contrast
to the physical contact area which can be calculated by geometrical considerations
based on tip shape and tip-radius, [26, 31] the effective electrical contact area needs a
different treatment as it depends on the local work function, oxide thickness, dopant
concentration and pressure distribution. On the other hand, C-AFM as well as SSRM
have reported≈1 nm electrical resolution as indication of a higher confinement of the
electrical processes within the tip-sample contact area. A notorious case illustrating
the difference between physical and electrical contact area relates to SSRM, where
the confined pressure transformation resulting from the high force applied to the
tip, leads to an electrical contact area 5–10x smaller than the geometrical one [32].
Figure3.9a shows the case of SSRM where a thin 0.5nm oxide is detectable.

Fig. 3.9 Electrical SPM lateral resolution. a Test structure made of an ultra-thin 0.5nm oxide
grown between conductive layers (TEM reported in the inset). C-AFM and SSRM can successfully
detect the presence of the sub-nm conductivity change in the sample. b Schematic for the tip-sample
interaction, the effective physical contact area is determined by the contacting asperities of the two
surfaces. In the inset the tip apex is imaged by high-resolution TEM showing the presence of
diamonds crystals covering the tip-apex (scale bar 20 nm)
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In principle the tip contact area could be estimated from the tip shape and its end
radius in agreementwith continuummechanicsmodels [17]. However the underlying
assumption of a perfectly smooth surface interacting with an hemisphere, is rarely
justified as both surfaces typically have some asperities. Hence, the real interaction
area differs from the theoretical calculation and in particular for the electrical mea-
surements might be more dominated by the tip-surface asperities rather than by the
global contact area. The main consequence is that the effective contact area, which
can be considered as the size of the virtual tip-sample capacitor (Fig. 3.9b), will be
much smaller than the real contact area. Since the effective contact area is frequently a
parameter required for the quantitative interpretation of electrical results, we present
in this section a procedure for its evaluation (Fig. 3.9b). The latter is based on the
I–V curve measured with C-AFM on a 1.5-nm-thick SiO2 film grown on Si. From
this curve we extract the electrical contact area for commercial platinum (Pt/Ir) tips
as well as for our in-house developed doped-diamond tips [29]. The conductive tip is
used as a virtualmetal electrode scanning in contact onto the sample surface. Its effec-
tive electrical contact area is primarily related to the asperities interacting between
the tip and the surface. As shown in Figs. 3.4b and 3.9b for the case of diamond tip,
the presence of the diamond nanocrystals at the tip apex create an effective electrical
contact area which will be hardly predictable with traditional Hertz contact theory. In
this section we evaluate the effective electrical contact area of the tip-sample nanoca-
pacitor (Fig. 3.9b) and provide quantitative values for two commonly used C-AFM
tips. We characterize the electrical contact area for coated metal and doped-diamond
tips operated at in contact mode with load forces <200 nN. In both cases we observe
that only a small fraction (<10 nm2) of the physical contact (≈100 nm2) is effectively
contributing to the transport phenomena. Assuming this reduced area is confined to
the central area of the physical contact, these results explain the sub-10 nm electrical
resolution observed in C-AFM measurements.

3.2.5 Effective Emission Area Evaluation

From Celano, U. et al., Journal of Applied Physics, 117(21), 214305, 2015.
To accurately quantify the electrical contact area, we measure point contact I–V

curves on a 1.5 nm-thick oxide layer, and we fit themwith a Fowler Nordheim tunnel
(FNT) [33] model for thin dielectrics [34]. In FNT the current through the oxide
is described as field assisted tunneling through the barrier formed at the injection
electrode-oxide interface and has an explicit dependence on the emission area of the
electrical contact (equal to the tip electrical contact area in our configuration). In view
of the relation between the current and the oxide thickness, this model was originally
introduced by Frammelsberger et al. [34] for the oxide thickness calibration of thin
oxides, whereby the Hertz contact theory was used to estimate a value for the electri-
cal contact area within the FNT equation and the oxide thickness was calculated as a
fitting variable. Depending on the coating or shape of the tip e.g. Co/Cr, Pt/Ir or dia-
mond, the values for the emission area in literature range from10 to 500 nm2 [34, 35].
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Our approach is exactly the opposite in the sense that we fix the thickness (1.5 nm)
of a very well know material system (Si/SiO2) and use the FNT-model to fit the I–V
characteristics as obtained with C-AFM whereby the only unknown variable in this
fit is the effective electrical contact area. The C-AFM measurements are performed
in high vacuum (≈10−5 mbar). We bias the sample negatively and ground the tip, in
order to achieve substrate injection and minimize tip-induced anodic oxidation [36].
Commercial Pt/Ir coated tips and FDT have been used at load levels in the range
≈50–150 nN which are representative values for contact-AFM. For an accurate
estimate of the load force, the spring constants and deflection sensitivity of both
cantilevers have been experimentally calibrated. The Pt/Ir commercial cantilever has
a value of k = 5.24 N/m whereas the diamond-tip shows k = 7.5 N/m. The oxide thin
film used is a thin SiO2 film grown on a n-type Si substrate with a thickness of 1.5nm
as determined with ellipsometry and X-ray photoemission spectroscopy (XPS). The
roughness of the sample is ≈0.12 nm RMS over 1 µm scan size as determined with
tapping AFM. In Fig. 3.10a the measured I–V curve is shown together with a fit
based on the FNT. It is clear that the latter fits the experimental data quite well.
The parameters used in the FNT-description are the standard ones relevant for our
SiO2-Si system, i.e. the SiO2 thickness is set to 1.5 nm, the SiO2/Si energy barrier
for electrons (�B) is considered to be 3.25 eV and the electron effective mass (me f f )
is chosen as 0.42me. It is important to clarify that this evaluation procedure could be
extended to other material systems, provided that the set of parameters used for the fit
are accurately known. In particular due to the exponential dependence of the tunnel-
ing current with the dielectric thickness, the latter is the most sensitive parameter in
order to extend the usage of the proposed method. The FNT current approximation is
based on the description proposed by Schuegraf and Hu. and co-workers [33]. In this
formulation the FNT model is optimized for oxides below 2nm and has a correction
factor taking into account when one is in the direct tunnel (DT) regime (Vox<�B /q)

Fig. 3.10 Area evaluation procedure. a I–V curves as measured with C-AFM versus a fit based on
Fowler Nordheim tunneling. In the inset the tip-sample configuration is shown; the tip is grounded
and the bias is applied to the sample with the n-type Si in accumulation as in b the idealized band
diagram
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or in the FNT regime (Vox ≥ �B /q). In this description, Vox is the voltage drop
across the oxide, �B is the barrier height in electron volts for substrate injection of
the electrons, and q the electron charge. Owing to the flatband voltage (VFB) and
the band bending in the silicon (VSi ) during the bias ramp, the voltage drop across
the oxide (Vox ) is only a fraction of the total voltage applied (Fig. 3.10b). Indeed
a fraction of Vt i p is used to balance the work function difference between tip and
substrate (�ms) whereas the substrate surface potential (�si ) is considered negligible
since the n-type Si will be in accumulation. Therefore Vox is equal to:

Vox = Vsample − �ms (3.4)

where�ms = �m−χ and�m is the work function andχ is the electron affinity of the
substrate (4.05 eV) [37]. On the basis of these considerations, the I–V curves mea-
sured with C-AFM have to be shifted with the amount (�m −χ) in order to represent
the real I–V dependence. This poses the problem of determining�ms . To this end we
have used KPFM on a freshly cleaved highly ordered pyrolytic graphite (HOPG) sur-
face for the calibration of the tip work function. The results indicate for the Pt/Ir-tip
a work function of 4.75 ± 0.05 eV and for our diamond tip a value of 4.1 ± 0.05 eV.
Figure3.11a,b shows the measured I–V curves together with I–V curves estimated
with the FNT model using different sizes of the electrical contact area. The I–V
curves related to the Pt/Ir tip are shifted over 0.7 V (�ms = �m −χ = 4.75–4.05 eV)
and plotted in Fig. 3.11a. Two different data sets are compared related to two different
load forces (78 and 157 nN). In both cases the effective emission areas are below 10
nm2 while nevertheless a clear increase of the effective emission area with increasing
load force is observed. This translates for the Pt/Ir tip assuming a circular electrical
contact area into a contact radius of ≈0.69 nm at 78 nN and ≈0.97 nm at 157 nN.

Fig. 3.11 FNT fit evaluation. I–V curves recorded for different forces on the Si/SiO2/tip-MOS
system using (a) Pt/Ir or (b) diamond tips. Theoretical I–V curves based on the FNT-model are
added to the plot having as (changing) parameter the electrical contact area
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For our diamond tips we observed a tip work function of �ms = 4.1 eV. The I–V
curves relative to the diamond tip are offset of 0.05V (�ms =�m−χ = 4.1– 4.05 eV)
and plotted in Fig. 3.11b. At a load force ≈65 nN the tip shows a remarkably small
electrical contact area of 0.5 nm2 which is equal to an (circular) electrical contact
radius of≈0.39 nm. This very small value might originate from the micro roughness
of the diamond tip which can induce the electrical contact at one single diamond
crystallite under moderate pressure. Increasing the load force to ≈130 nN the area
increases to 4–5 nm2 leading to an electrical contact radius of ≈1.11–1.26 nm. A
comparison between the contact area obtained by continuum mechanics model and
our experimental evaluation is presented in Fig. 3.13a. In Fig. 3.13a the continuous
line represents the simulated Hertz contact model for a diamond tip with 30nm tip
radius. The experimental values for DMTmodel were estimated for our full diamond
tips using the pull-off forces extracted at different load forces according to model
proposed by Carpick [38]. The evaluations are done in the range of load forces 0–
500 nN. Note, the range of load forces is limited to 500 nN to avoid damages on the
ultra-thin SiO2 layer. Our results demonstrate that the electrical contact area is much
smaller than the estimated physical contact area, implying that only a fraction of the
contact area contributes to collect current, likely the point of higher pressure. These
evaluations for the contact area are consistent with the apparent electrical resolution
obtained with these probes. For instance in Fig. 3.12a, b we use the (calibrated) tips
to scan at a constant bias across the surface of the 1.5nm-thin SiO2 layer.

Fig. 3.12 Experimental evaluation a Idealized band diagram for the n-type Si with substrate injec-
tion for the case of the Pt/Ir tip and b doped diamond tip using the experimental work functions.
The two tips are also used to image sub-10 nm features in a stressed SiO2 1.5nm-thick layer (scale
bar 100 nm, z range 10 pA)
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Both tips are scanned at a load-force ≈100 nN with a negative bias (−3V) which
is applied to the sample. The inset shows the idealized band diagram for the experi-
ments (substrate injection on n-type Si) for both Pt/Ir and diamond tips. The recorded
current maps show current variations due local deficiencies in the oxide leading to
larger/smaller leakage currents. Within these maps features as small as 10 nm2 can
be observed. Realizing that the size of these features are already too large due to the
convolution of the tip area and their intrinsic dimension, it is fair to state that the
electrical contact area must be smaller than 10 nm2 consistent with our calibration
procedure. It has to be mentioned that the proposed method is intrinsically based on a
point-contact IV curve, and the extracted contact-area values can be considered valid
for point-contact electrical measurements. During AFM scanning conditions these
values can be slightly different due to lateral-forces, friction, tip-contamination and
other factors, but the consistency observed in the experimental observation between
predicted values and observed conductive-spots sizes in Fig. 3.12a, b are good indi-
cators for the consistency of our method. It is worth noting that the FNT fit for FDT
tips shown in Fig. 3.11b follows the fitting trends with more fluctuation as compared
to Pt/Ir case. The same effect can be observed also comparing the I–V characteristics
of the two types of tips in Fig. 3.13b. The scattered transport in FDT compared to
Pt/Ir it is ascribed to the higher presence of defects states and grain boundaries in the
boron-doped diamond layer (inset Fig. 3.13b). Those are responsible for the noisy
current fluctuation which can be detected measuring small currents and are finally
converted in the scattered FNT fitting of Fig. 3.11b.

Our results are also in line with the pioneering results of Salmeron, [39] who
could demonstrate atomic resolution on graphite using the contact current channel
of a C-AFM which can only be possible by assuming an ultra-scaled electrical con-
tact area as small as 0.9 nm. Using our procedure electrical contact areas below

Fig. 3.13 Contact area models comparison. a We compare our observation with two continuum
mechanics models: (1) standard Hertz contact model and (2) Derjaguin–Muller–Toporov (DMT).
b I–V curves (on log scale) acquired with the Pt/Ir tip and our diamond tip. Note, the different
fluctuations in the measured current which are consistently higher in the case of the diamond tips.
This is likely due to the higher presence of defects states in the doped-diamond tips as compared to
Pt/Ir (inset showing SEM image of the diamond film)
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10 nm2 are observed for a physical contact of 100 nm2. The latter translates into radii
ranging from 0.3 (diamond) to 1.2 (Pt/Ir) nm and explains the ultra-high electrical
resolution observed in C-AFM electrical measurements. This evaluation procedure
can be easily extended to other types of contact mode electrical AFM techniques
where the effective size of the tip-sample contact area is an important parameter.

3.2.6 Extending C-AFM Current Range

A current-to-voltage low-noise linear amplifier is the active element for the measure-
ment of current in C-AFM. This is generally realized by a shunt reference resistor
placed in the feedback loop of a current-amplifier. Good signal-to-noise ratio (SNR),
short integration time (speed) and the ability to measure small currents are among the
main requirements for a C-AFM-type of amplifier. A linear amplifier can guarantee
most of these requirements, at the price of a small dynamic range (DR). The DR is
defined as the difference between the maximum and minimum input level for the
proper amplifier operation. The minimum input level is determined by the SNR of
the specific amplifier electronics and the maximum input level is limited by the non-
linearity or amplifier saturation due to power supply. This translates in a small DR
for the detectable currents in the majority of commercially available C-AFM sensors
(generally ≈100 pA–1 µA). One possible solution to widen the DR is the use of a
logarithmic amplifier. The latter is currently used for SSRM and offers a larger DR
(≈5–6 decades). The main difference with linear amplifiers lies on the usage of a
diode (or a nonlinear element) in the feedback loop of the current-amplifier. Unfor-
tunately a nonlinear element in the feedback loop induces large integration time, not
acceptable to detect rapidly changing conductive features. In addition, it degrades
the SNR in the small currents range not acceptable to detect weakly conductive fea-
tures. Therefore although with small DR linear amplifiers are the common choice for
C-AFM and related measurements. A possible solution to overcome this limitation
comes from the parallelization of multiple linear amplifiers covering a wide dynamic
range. Parallel linear amplifiers with complementary current ranges can enable the
desired DR. For example Blasco et al. [40] replaced the standard hardware of the
AFM biasing system with a source monitor units (SMU). In this way they could
achieve enhanced current range in point contact measurements taking advantage of
the SMU capability. Nonetheless, this approach does not allow scan imaging due
to the decoupling of the SMU from the AFM tip-motion system. In this section by
using 6 parallel linear amplifiers controlled by a labVIEW interface, we achieve C-
AFM acquisition with extended current range from ≈100 pA to 10 mA capability
for both imaging and I–V spectroscopy modes. For this purpose we select a commer-
cial FEMTO DHPCA-100 variable gain, high speed current amplifier. It combines 6
switchable transimpedance amplifiers with gain from 102 to 108 V/A. The bandwidth
(20 MHz) and cut-off frequency (10 MHz) enable fast integration time. In addition
the possibility to remotely control the switching function by a universal serial bus
(USB) controller guarantees the dynamic selection of different amplifier during the
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Fig. 3.14 Extended range C-AFM. a Six linear amplifiers in parallel are dynamically selected to
increase the input dynamic range of standard C-AFM. The standard sensor is replaced with an
external FEMTO DHPCA-100 amplifier directly connected to the tip. b Large current (� 1 µA) is
measured on a Pt surface (topography in the inset), in correspondence of a contaminant (insulating)
particle (scale bar = 250 nm). The current range achieved by using 3 of the 6 FEMTO amplifiers
span from ≈50 nA to 100 µA

AFM scan. In a simplified configuration the output of the FEMTO amplifier can be
directly connected to one of the external inputs provided with the AFM controller.
This simple solution does not allow dynamic selection of different amplifiers but
can provide large dynamic range using one at a time each amplifier. The other pos-
sibility requires the formation of the current map in a second computer equipped
with a labVIEW input card for the signal acquisition. This approach enables more
flexibility since the selection of the amplifier can be realized by the labVIEW rou-
tine depending on the required DR. The simple schematic of our custom design is
presented in Fig. 3.14a. By synchronization with the end-of-line pulses of the AFM
controller, we select two or more amplifiers to alternatively recorder subsequent scan
lines. In this way, after a gain conversion the final image will be constituted of lowly
and highly conductive features recorded with the same accuracy. Figure3.14b shows
an example using three amplifiers on a Pt sample. A large insulating contamination
particle is visible, in the same image we detect few tens of nA (on the insulating
particle) and a maximum current measured on Pt of ≈100 µA, this corresponds to a
100× improved detection capability as compared to standard C-AFM sensor.

3.3 Peak Force: Intermittent Contact Mode

An innovative solution to combine the advantage of dynamic and contactAFMmodes
has been recently introduced with the commercial name of PeakForce TappingTM

mode [41]. The cantilever is driven with a low frequency oscillation (1–2 KHz) cre-
ating an intermittent contact between tip and sample (Fig. 3.15a). In each tapping
cycle the tip displacement is monitored and tens of force-curves are recorder for
each pixel during the few microseconds of physical contact. Here the tip is oscillated
at a lower frequency as compared to the mechanical eigenfrequency of the cantilever
(≈10–500 KHz). The oscillation has an amplitude between 100 and 150nm excited
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Fig. 3.15 PeakForce TUNA mode. a PFTUNA combines the advantages of dynamic and static
AFM modes, by using a low frequency oscillating tip-sample contact. b The tip is oscillated at a
≈1–2 KHz with an amplitude of ≈150 nm. During each tap the tip experiences the force shows in
the graph, with a fraction of time spent in contact with the sample surface

by the z piezoactuator. The reduced speed of the oscillation enables the sampling of
the cantilever deflection at each tap, thus collecting multiple force curves on each
pixel. Thanks to the higher bandwidth of the amplifier (≈15 KHz) it is possible to
sample the current during the fraction of time spent by the tip in contact (≈µs), thus
measuring the electrical properties of the sample (Fig. 3.15b). This mode combines a
lateral resolution comparable to tapping mode (≈5 nm) and the possibility to record
the electrical properties of the sample as in C-AFM. In other words the best of two
techniques are combined. The advantage is that the sensing of sample properties
is done by a static contact mode (cantilever deflection), while the minimization of
the deformation depths and later-forces is achieved by a dynamic (customized) tap-
ping mode. The commercial name of this mode is Peak Force Tunneling AFMTM

(PFTUNA). Compared to the standard C-AFM it enables higher lateral resolution for
the topography and higher precision in the tip positioning due to the introduction of
drift correction algorithms. Among other advantages the low frequency oscillation
enables the use of various tips without limitation for the mechanical eigenfrequency,
it minimizes the tip damages and additionally it also improves the quality of the
measurements. Extension of this mode is PeakForce QNMTM (quantitative nano-
mechanics) that enables the quantitative analysis of material properties such as mod-
ulus, adhesion, deformation and dissipation at the nanoscale. The latter is provided
by the real time analysis of the multiple force curves collected for each pixel during
the PeakForce tapping. Fig. 3.16a, b shows a typical AFM force curves composed of
the tip approach (a) and tip retract (b). Force distance curves, generally referred to as
force curves, show the evolution of the interaction force experienced by the tip as it
gets closer to the sample (approach) and back to the rest position (retract). These two
phases are presented as function of the cantilever deflection (y-axis), which is finally
converted into force. In Fig. 3.16a black trace, the cantilever approaches the surface.
At some tip-sample distance (grey area), the attractive long-range forces become
stronger than the tip spring constant inducing the jump-into-contact with the sample.
Once the tip is in contact, short-range forces cause the deflection of the cantilever
in the repulsive contact region until the value established by the user. During the
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Fig. 3.16 Intermittent force curve. a Schematic force interaction of the tip approaching the sample
and b of the tip withdrawal. The different properties sensed by the intermittent AFM-analysis (e.g.
deformation, energy dissipation, adhesion and modulus) are indicated

retrace Fig. 3.16b, the deflection follows the same load curve as the force is released,
but the presence of surface adhesion requires higher force to release the tip that goes
back to the rest position ready to start another approach. The higher force induces a
shift in the jump-out-contact (grey area) as compared to the jump-into-contact as in
Fig. 3.16b. By studying a force curve a plethora of information is accessible on the
contact quality and sample properties. In PeakForce QNMTM different force curves
are collected on each pixel constituting the sample (inset). The online fitting of these
curves enable the extraction of reduced Young’s modulus, adhesion, deformation
and energy dissipation. The reduced Young’s modulus E∗ is obtained by fitting the
contact region of the retract curve (Fig. 3.16b) with the Derjaguin, Muller, Toporov
(DMT) model [42] using equation:

Ftip = 4

3
E∗

√
R3
d + Fadh (3.5)

where Ftip is the force on the tip, Fadh is the adhesion force, R the tip radius and d
the tip sample separation. The adhesion is calculated on the retrace curve as the force
before the tip loses the contact (Fig. 3.16b). The peak force is shown in Fig. 3.16a
as the maximum force experienced by the tip during the approach. The deformation
caused by the probe on the sample can be estimated by the difference between the
two contact branches of the curves approach vs. the retract (as in Fig. 3.16b). Finally,
the integral over the oscillation period of the force times the velocity is the energy
dissipation. This is considered as the hysteresis between the load and unload curves
Fig. 3.16b.
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3.3.1 Peak Force TUNA Case Studies

From Celano, U. et al.,Microelectronic Engineering, 109, 318–321, 2013.
In this section, the extended capability of PFTUNA are introduced with three

practical examples. First, a combinatorial study using TEM and PFTUNA for the
analysis of poly-crystalline Ta2O5. Second, PFTUNA is used in combination with
an array of Si nanopillars to demonstrate the capability to probe buried structures
by the observation of mechanical channels. Finally we demonstrate the capability to
discriminate between different materials based on the mechanical information.

Recrystallization of Ta2O5—The high electrical permittivity of high-κ materials,
enables the further reduction of the equivalent oxide thickness (EOT) while main-
taining low gate leakage forMOSFET transistors delivering better performance. This
feature has stimulated the introduction of high-κ materials in many other applica-
tions such as: DRAM, storage capacitors and VCM [43]. Despite their widespread
adoption in the semiconductor technology, a lot of issues on their electrical proper-
ties and reliability are still open. In particular for the case of poly-crystalline high-κ
dielectrics, an important issue that remains is the non-uniform leakage distributions
that gives rise to large variations of the electrical properties among devices on a chip.
These could originate from different grain orientations and/or local variations in
composition [44]. In this section amorphous Ta2O5 is recrystallized by high temper-
ature annealing. The latter induces major structural and electrical changes in the film
providing a good test vehicle for a complementary study with TEM and PFTUNA.
A Ta2O5 layer is deposited by atomic layer deposition (ALD) with TaCl5 as pre-
cursor in combination with H2O as the oxidant. Details about the entire deposition
can be found in literature [45]. The thin film is grown on a 300mm p-type Si (1
0 0) substrate, after a standard (IMEC-clean) process which leads to the formation
of ≈1.1 nm of chemical SiO2 layer. A 15 nm-thick layer of Ta2O5 is grown and
recrystallized with a thermal treatment. A crystallization temperature higher than
760 ◦C is generally required to induce crystallization. In this work we have used
a spike anneal (1.5 s) at 1030 ◦C as thermal treatment. Figure3.17a represents the
PFTUNA images of the crystallized Ta2O5 film, note that compared to C-AFM in this
case we can achieve surface topography with a quality comparable to tapping mode.
The higher value of PFTUNA for such application is represented by the enhanced
topography sensitively coupled with the information on the sample’s mechanical
properties. On Fig. 3.17a one can notice that the crystallization led to the forma-
tion of clearly defined grains and that the GBs form a network of interconnected
gaps (≈10–20 nm) in between crystalline grains across the entire sample surface
[46]. According to the AFM analysis, the GBs correspond to a ≈2 nm depression
in topography as compared to the crystalline grains. PFTUNA current map (− 0.5 V
bias) shows different conductive domains. Unexpectedly, no clear correlation exists
between height and current in the GBs transition regions, which actually conduct
less current than the rest of the sample despite the reduced thickness (Fig. 3.17b).
The latter is opposite to the trends reported elsewhere where a higher leakage current
is seen in the GBs which was assigned to the thinner oxide and also to the higher
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density of defect generally present on GBs [47]. It is known that grain boundaries
may possess different conductivity associated to the higher concentration of defects,
vacancies and other contributor to tunneling and trap assisted leakages. In addition
the particles decorating the grain boundaries appear as highly conductive and harder
than the surrounding material as in Fig. 3.17c. In order to clarify this effect and the
nature of the highly conductive particles, TEM has been used. Figure3.18 shows
the cross section of the crystalline sample. The thickness of the Ta2O5 layer is not
constant and, as observed by the AFM the GBs are associated with a reduced layer
thickness that appears to be filled with an amorphous material. The region under
the GB in Fig. 3.18a, b also shows an amorphous layer of Si at the interface with
the substrate. In fact, the formation of an amorphous layer within the Si substrate
is observed in most locations where the Ta2O5 layer is not continuous such as at
the grain boundaries. The thickness of the SiO2 layer is close to the expected ≈1.3
nm, but the presence of amorphous Si in combination with SiO2 induce an effective
thickness higher than the nominal under the GBs. The TEM analysis of the highly
conductive particles indicates that they have an average diameter of ≈30 nm. EELS
analysis indicates a composition close to TaN. The crystalline lattice of TaN can be
distinguished in the inner region of the particle by their lattice parameters (inset of
Fig. 3.18a). At the edges of the crystalline grains, TEM reveals a clear reduction in
thickness which could be responsible for the increased leakage current. Moreover,
the crystalline lattice is less ordered in these regions compared to the core of the crys-
talline islands (not shown for brevity) which also can lead to an increased number
of defects and oxygen vacancies with a consequently enhancement of leakages. The
larger leakage current observed at the position of the TaN clusters can originate from
a partial or complete short in the dielectric in correspondence of the particle. The
nature of the highly conductive particles (in particular requiring the presence of N)
has to be related to some contamination during the thermal annealing process which
is out of the scope of this discussion. The presence of amorphous material combined
with the amorphous Si at GBs can explain their unexpected insulating behavior and
mechanical properties. In summary the peculiar recrystallization of Ta2O5 provided a
good platform for PFTUNA to demonstrate its capability to detect different material
phases and study their electrical properties.

Probing the invisible—asa second example, in this sectionwe show that themechan-
ical properties of a sample can in some cases enhance the observation capability and
reveal buried structures. A buried array of vertical poly-Si channels (pillar) is used.
These structures are originally deposited as vertical gate for 3D NAND application
and their fabrication process can be found elsewhere [48]. The height of the pillar is
200nmwith a 80nm diameter, they are grown to form an array structure with 500nm
pitch between neighbor pillars. After their growth a 20 nm-thick SiO2 is deposited
leading to a uniform surface covering the pillars that leaves visible only the rough-
ness of the SiO2 (Fig. 3.19a). In this case, the collection of multiple force curves
on each pixel, enables to detect a different material deformation in correspondence
of the Si pillars that become visible in the adhesion map (Fig. 3.19b). The adhesion
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Fig. 3.17 PFTUNA analysis of crystalline Ta2O5. a Topography image of poly-crystalline Ta2O5
showing crystalline islands surrounded by grain boundaries. Large particles are located at the grain
boundaries (z range 20 nm, scale bar 100 nm). b 3D topography of 500× 500 nm2 scan and current
map as measured by PFTUNA (−0.5 V bias applied to the sample) in correspondence of grain
boundaries. c Topography, modulus and current channel for a different 400× 400 nm2 scan area

Fig. 3.18 TEM image a Cross section image of poly-crystalline Ta2O5. In the region of the GBs the
silicon shows a small amorphous depressionwhich increases locally the amount of poorly conductive
material. b High resolution TEM, the conductive particles are indexed with TaN (reported in the
inset), the GBs region is filled with an amorphous material which combined with the amorphization
of the underlying silicon could explain the high insulating behaviors of GBs

map in Fig. 3.19b clearly shows the appearance of the 3× 3 array of pillars spaced
by 500nm which is the structure buried under the 20 nm SiO2 top surface.

Material sensitivity—The third example applies to samples with very distinctive
mechanical properties. In this situation PFTUNA can be useful to identify the con-
stituting elements due to their distinctive mechanical response. This is the case of
cellulose nanofiber paper, often referred as nanopaper [49]. This is an emerging
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Fig. 3.19 Peak Force on vertical Si pillars. a Topography of 20 nm SiO2 deposited on top of an
array of 80 nm-wide Si pillar (z range = 16 nm, scale bar = 150 nm). b The adhesion map of the
same area reveals the presence of the 3× 3 array due to the different tip-sample deformation in
presence of the buried Si pillar. Note the 3× 3 dots array to guide the eyes

material in the field of flexible electronics and in the appendix we report on the usage
of nanopaper for the fabrication of flexible cellulose-based CBRAMs [50]. Here we
focus on themechanical properties and the localization byPFTUNAof nanosized cel-
lulose fibers deposited on a Ag substrate. Those will be locally switched by C-AFM
in the appendix. The nanofibers is deposited by drop casting of the nanosized cellu-
lose slurry onto Ag/Ti/SiO2/Si substrate and it is dried at 40 ◦C for 24h. By selecting
a low density slurry it is possible to achieve a limited coverage of the substrate and
locate single cellulose nanofibers. In some cases due to their reduced dimensions
the roughness of the Ag layer can be comparable to the cellulose nanofibers lead-
ing to difficult localization on the surface. On the other hand, the peculiar adhesion
properties of cellulose enhance the sensitivity of detection also in case of ultra-thin
cellulose bundles. Figure3.20 shows an example where the characteristic adhesion
of cellulose can assist the detection of the fiber evolution in on the Ag surface.

3.3.2 Electrical Tip-Contact: Dragged Versus Intermittent

In intermittent contact modes (Fig. 3.16a) the peak force is equivalent to the load
force (deflection setpoint) of standard contact mode. In other words, by scanning the
same sample with the same tip with C-AFMand PFTUNAwe should obtain the same
electrical results using the equal values of load force. This experiment can be easily
realized by measuring a highly conductive point defect in a thin dielectric, under
the same conditions using C-AFM and PFTUNA. The result Fig. 3.21a, b shows the
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Fig. 3.20 PFTUNA on cellulose nanofiber. a Topography of a single cellulose nanofiber (z range
= 10 nm, scale bar = 120 nm). b The adhesion map of the same area reveals the spatial distribution
of the cellulose fiber

Fig. 3.21 Dragged versus intermittent contact. a Comparison between C-AFM and PFTUNA
current, scanning the same tip on the same conductive spot at equal value of load force. b The
peak force value is raised (≈four times) to match the level of current flowing in the two setup. c
Topography and current of a TiN metal line used as reference sample for the experiment. d SEM
inspection of the tips used in the comparison
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unexpected higher currentmeasuredwith C-AFMas compared to PFTUNAalthough
using the same tip at the same nominal load force value. In order to balance the
observed discrepancy in the current amplitude the peak force value is increased for
PFTUNA and the load force for C-AFM is kept constant until the two experimental
values are matched (Fig. 3.21b). The same experiment is repeated on other type of
samples, such as metallic lines (Fig. 3.21c) with the same results. Consistently, we
observe that a higher force is required for PFTUNA to reach the same electrical
contact quality of standard C-AFM. As in Fig. 3.21b the measured current values
are equaled only when the peak force reaches four times the load force (deflection
set-point) used for C-AFM. Similar values are obtained also for other samples, thus
indicating an intimate difference between the two type of contacts i.e. the vertically
intermittent and the laterally dragged. This can be qualitatively explained by the
contribution of lateral and capillary forces induced by the absorbed water layer in
the case of intermittent contact not present for the dragged contact. On every tap
of PFTUNA the tip encounters the meniscus layer that has to be penetrated, while
with the dragged contact the tip punches the meniscus layer with the first contact
and on its scan the tip slides through the meniscus layer which is removed by the
tip passage. This is consistent with the molecular dynamics simulation work of Yue
et al. [51] and Shimizu and co-authors [52]. In view of this, the force discrepancy
is generally more pronounced in hydrophilic surfaces (organic materials). In other
words, to achieve the same electrical contact quality the intermittent contact has to
be operated at higher force compared to the case of contact mode AFM.

The higher force required by PFTUNA to achieve the same electrical contact of
C-AFM could reduce the benefits of the intermittent contact in term of tip wear. In
order to compare the impact on the tip degradation we have compared the quality of
the Pt/Ir coating on the tip-apexes for two tips scanned for≈10cm (200 AFM scans)
over a biased 2µmwide metal line (Fig. 3.21c). During the test the root mean square
(RMS) value of the current channel has been kept constant for both techniques in
order to equal the electrical contact quality. Also in this case the average value of
force required by PFTUNA has been 4 times the value used for C-AFM. Figure3.21d
shows the comparison between two tips after the accelerated degradation test. Both
tips still present a sharp apex (at SEM inspection) after the test. This suggests that
although requiring a 4 times larger load-force usedbyC-AFM, the reduced tip-sample
interaction of PFTUNA, mitigate the tip degradation. Note that in this experiment
we have used a relatively low value for the load force (≈200 nN).

3.4 Three-Dimensional SPM Tomography

From Celano, U. and Vandervorst, W., IEEE IIRW final report, 1–5, 2014.
The introduction of three-dimensional devices like finFET and stackable architec-

tures like 3D-NAND, poses unparalleled challenges to the semiconductor metrology.
To the point that the cost of testing is now one of the primary source of cost of tran-
sistors. Conventional characterization methodologies start to be ineffective applied
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to structures <100 nm. Furthermore, characterization of electronic devices needs
to include structural, compositional and electrical sensing capability. Therefore the
main requirements for a valuable 3D characterization technique are: (1) nanoscale
spatial resolution (e.g. sub-10 nm observation capability). (2) Sensitivity (e.g. electri-
cal and structural) and (3) nanometer accuracy in probing the third dimension. In this
section we propose an approach, termed SPM tomography or scalpel SPM, which
is based on extending the 2D-analysis capabilities of SPMs towards 3D, thereby
creating a valuable technique for the electrical 3D characterization of ultra-confined
volumes. In Chap.5 the concepts introduced here will be applied for the analysis and
3D observation of the conductive filaments in VCM and CBRAM.

3.4.1 Overview of 3D Tomography

Although SPM provides revolutionizing techniques for surface analysis, these are
clearly limited to the observation in 2D.However, the continuous scaling of electronic
devices led to the introduction of 3D device structures like finFET and architectures
such as nanowire-based transistor and 3D NANDmemory. Although the production
of such devices can be achieved by standard semiconductor fabrication techniques,
the 3Dmetrology still represents a major challenge. Doping control in 3D structures,
sub-nm spatial resolution of complex geometries and chemical-electrical sensitivity
of confined volumes are only some of the complications faced by the semiconductor
metrology.

Existing 3D imaging solutions are generally based on beam analysis such as:
scanning electron microscopy in dual beam configuration, transmission electron
microscopy, electron tomography and X-ray tomography. SEM in combination with
an ionbeamcanbeused to image andmillmaterial from the sample surface.While not
limited by the lateral resolution, the poor control on the material slicing induced by
the ion beam (≈10 nm) does not allow tomography of highly confined volumes with
this method. Similarly X-ray tomography is generally limited to ≈µm resolution.
The latter can be improved using synchrotron radiation and a highly coherent X-ray
source but this is of impractical use. TEM combined with a large variety of imaging
modes, can provide 3D structural and chemical information of the sample. For exam-
ple, electron holography uses an interference pattern (hologram) in the TEM. The
electron wave emitted by the field emission gun serves as highly coherent source of
electrons. The beam is partially deflected to the sample and partially passed through
the vacuum, the two waves are then overlapped and interfere. By the interference
pattern the phase shift of the electronwave is determined enabling the sensing of vari-
ation in the magnetic and electrostatic potential within the sample. Promising results
have been reported on the 3D electrostatic potential in p-n junctions and electrostatic
potential inMOSFETs [53]. TEM can also record images at progressively increasing
tilt angles and a 3D reconstruction is “back-projected”. However, in most cases the
reconstruction becomes complicated due to artifacts, specimen-induced shadowing
and precise control of the angular increment. Finally, atom probe tomography (APT)

http://dx.doi.org/10.1007/978-3-319-39531-9_5
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is based on field ion microscopy and delivers the highest spatial resolution available
for 3D analysis (sub-nm) [54]. Here the sample has to be shaped as a sharp needle
and is subjected to a very strong electric field. The outmost atoms in the sample
are ionized and projected onto a position sensitive detector. In essence, the sample
is peeled apart atom by atom, and by adding a time-of-flight mass detector it is
also possible to allow chemical identification. The high electric field (≈10 V/nm) is
induced by the application of several kilovolts to the shaped sample, leading to the
field evaporation of the sample. During the analysis, the sample is kept at cryogenic
temperature in order to suppress the transverse kinetic energy to the emitted ions.
Unfortunately, the complicated sample preparation the use of high voltages and the
cryogenic conditions are still limiting the diffusion of this technique. In addition,
although APT localizes atoms with excellent spatial resolution, no information can
be obtained about charge carriers or electrical properties.

Scanning probemicroscopy had already a fair share of attention for 3D characteri-
zation. A schematic of the proposed solutions can be seen in Fig. 3.22a–c. Magerle et
al. [55] used SPM in combinationwith subsequent calibrated chemical etching for the
reconstruction of the sample volume in 3D. They could demonstrate volume images
of semicrystalline polypropylene revealing the differences between crystalline and
amorphous regions [56]. However, the same area has to be repeatedly located in every
etch cycle leading to complex operations (Fig. 3.22a). To overcome this problem a
dedicated liquid cell for in-situ etching and sensing has been developed to enable the
inlet and outlet of the etching solution without moving the sample [57]. Alekseev et
al. [58] have proposed to combine C-AFM with a microtome to cut extremely thin
slices of the sample (Fig. 3.22b). With a slice space of ≈12 nm they could image the
3D volume of a conductive nanocomposite filled with multi walls carbon nanotubes
(MWCNTs) and reconstruct the conductive sub-networks by C-AFM. Bailey et al.
[59] have proposed a combination of AFM and ion milling, providing the possibil-
ity to perform morphological 3D observation (Fig. 3.22b). Unfortunately as for the
dual-beam SEM, the limited control of the ion milling leads to limited slicing capa-
bility or complicated sample preparation. For specific applications, dedicated sample
structures can be fabricated in order to have repeated features staggered by a certain
well defined distance (Fig. 3.22c). The cross-sections are generally obtained by a
combination of cleaving, mechanical- and chemical-mechanical polishing (CMP) as

Fig. 3.22 SPM toward three-dimension. a Alternating chemical etching and SPM sensing. b Phys-
ical removal by ion beam or microtome followed by SPM sensing. c Dedicated staggered structure
for a 3D volume replica
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described elsewhere [17]. In this way different 2D AFM profiles across each of the
staggered devices can be acquired and finally interpolated providing a replica of the
3D volume. This approach has been used by Mody et al. [60] in order to evaluate the
gate overlap and dopant conformity over a fin cross-section, and by Schulze et al.
[61] to map the distributions of carriers in nanowire-based transistors. Nevertheless,
this concept is based on the assumption of identical properties to nearby structures
and therefore cannot provide information on a single device or for failure analysis.

As an alternative, in this section we demonstrate a 3D-tomographic technique
based on a slice-and-view approach whereby we add a depth profiling capability, to
the 2D-mapping of electrical AFM by tip-induced material removal. We named this
approach SPM tomography or scalpel SPM.

To accomplish the depth profiling we make use of conductive, wear-resistant
diamond-tips [23]. The hardness of diamond is exploited to physically remove (scrap-
ing) material during the scan. We slice in a controlled manner through the sample
collecting AFM profiles at different depths. The consecutive planar AFM images
are then stacked and interpolated for the formation of the 3D tomogram. In SPM
tomography we can achieve sub-nm vertical removal-rates which provides ample
depth resolution for the application of this technique in various emerging electronic
devices.

3.4.2 SPM Tomography

Like the word suggests (ancient Greek tomos, “slice” and graphō, “to write”) with
SPM tomography we reconstruct a 3D volume from a series of 2D sections of the
sample. The sectioning is achieved by a tip-induced removal of sample material. The
possibility to induce material removal with contact mode AFM is known since the
early days. Hu et al. [62] observed the formation of 1nm deep hole on mica after
tip scanning (Fig. 3.23a). The latter could be induced either by one single scan at
high loads or multiple low load scans, indicating for the first time a controllable
tip-induced removal of material. Xu et al. [63] demonstrated depth control in the
material removal in InP by successive scans with diamond tip at constant load force.
By reducing the scan size continuously the authors induced a staircase structure and
probed in depth the dopant profile with SSRM. A similar approach has been used
also by Ou et al. [64] for 3D carrier profiling in Si nanowires. More recently, Schulze
et al. [65] have applied it to characterize the resistance distribution within contact
holes filled with carbon nanotubes and the carrier distribution in nanowire-transistors
[66].

From a pure solid mechanics standpoint, a sharp tip sliding on a flat surface, has
enabled many studies on wear, friction and contact mechanics [5, 67]. Specifically
at the nano scale the wear is described as an atom-by-atom removal of material,
which is defined by Jacobs and Carpick as a stress assisted chemical reaction [67].
The atom-by-atom wear mechanism can be described by a single process where the
atoms at the interface between the two sliding bodies, undergo a chemical bonding
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Fig. 3.23 Tip-induced material removal. a Removal of a single layer of mica. b Subsequent scans
on InP inducing a controlled stepped morphology to the surface (reproduced from [62, 63])

reaction. The reaction rate theory can therefore describe the rate of atom removed as
�atom−loss (units s−1) according to the equation:

�atom−loss = �0exp

(
−�Gact

kBT

)
(3.6)

where�0 is a pre-factor (an effective attempt frequency), kB is theBoltzmannconstant
and T the absolute temperature. The �Gact represents the free energy of activation
which is reduced to the mechanical work done on the system as reported by Jacob
and co-workers [68]. As a practical consequence of this, one can explore the wear
phenomena as a possibility to induce controlled removal of material by means of a
continuous tip scanning against a solid surface. The wear control arises from the pre-
cise load-force application enabled by the AFM feedback-system. The large variety
of tip materials provides a wide range of hardness to exploit. For practical reasons
in SPM tomography, we generally limit ourself to the usage of our in-house fabri-
cated conductive diamond-tips which proves to be a wear-resistant tool for material
removal. Figure3.24a shows a practical example where a 30nm-thick Cu electrode
is progressively eroded until the complete removal by continuous AFM scanning at
constant load force. In this case the purpose was only to expose the layer below the
Cu electrode, but this can be representative for applications such as layer removal
or circuit-editing, as in Fig. 3.24b where scalpel SPM is used to locally disconnect a
part on a fabricated chip for failure analysis purpose.

By coupling the hardness of diamond and tip load force we can access material
removal-rates that span from zero to hundreds of nm per scan (depending on the sam-
ple). The main result is that sub-nm removal-rates can easily be achieved with our
tip-induced erosion. Particularly the sub-nm removal capability should not surprise
since a standard contact AFM measurement is not supposed to remove any mate-
rial from the sample surface, thus representing a zero nm/scan removal rate. This
high control enables high resolution in the third dimension to be summed with the
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Fig. 3.24 Tip-induced material removal applications. a Removal of 30nm-thick Cu electrode and
exposure of layer underneath. bA small opening is induced by the tip along a metal interconnection
in order to disconnect a failed device

nanometer lateral resolution of the AFM techniques. In essence SPM tomography is
now based on the fact that through the combination of high-force and diamond tip,
we probe in each AFM scan the local variations in conductivity (C-AFM or SSRM)
and also partially erode a controlled amount of the sample surface. The collection of
2D AFM conductivity profiles are finally aligned and interpolated to generate a 3D
tomogram. Fig. 3.25 shows a schematic of the SPM tomography work-flow.

Through the use of a special design, our wide base pyramid-shaped tips overcome
the tip rupture problems experienced with high aspect ratio coated Si-tips when
attempting scalpel SPM. Based on the pressure (≈few GPa) needed for the tip-
induced material removal of metals and dielectrics, a cantilever spring constant >10
N/m is generally required. As visible in Fig. 3.25 SPM tomography is a destructive
technique. After the complete material removal a crater is left in the place of the
region of interest. A large fraction of the material removed is accumulated on the

Fig. 3.25 SPM tomography procedure. The wear resistant diamond tip, is scanned on the surface at
high pressure (≈GPa) inducing a controlled material removal. The acquired 2D images are aligned
and interpolated by a dedicated software to generate a 3D tomogram
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side of the scan area and on the tip body (Fig. 3.26). Different materials will show
different removal rate (nm/scan) depending on their hardness. Note that the actual
value for the removal rate depends on many parameters such as: material type and
deposition technique, layer thickness and absorbed contaminants. For this reason,
a reliable evaluation of the material removal rate for a specif material can only be
obtained by a load force calibration on the material of interest (e.g. blanket sample).
The tip can be scanned and the removal rate (nm/scan) versus the applied force is
evaluated [69]. One could assume that due to the stress continuously applied to the
scanning probe, only soft materials can be removed in order to limit tip degradation
and loss of the lateral resolution. In reality, as partially introduced already by Hu et
al. [62] one can trade off the load force with time and achieve the same removal of
material in a longer amount of time. By means of this approach, tip-induced material
removal has been carried out on a wide range of materials such as: TiN, Cu, Ti, TaN,
Ru and Au [65, 70–72].

In combination with the intrinsic tip and material properties, the AFM scanning
conditions play an important role in the removal rate. Tip velocity, number of lines per
scan, tip-sample biasing and environment conditions (e.g. air, vacuum or controlled
humidity) are some of the tunable parameters. Here we provide some of the practical
values used in this work and a brief description of their effect. The speed at which the
tip scans the surface is defined as tip-velocity and it is reported inµm/s. Scanning the
surface at low speed translates in a longer time spent on the same location exerting
high pressure and leading tomore stable tip-sample interactions. The usage of a small
tip velocity has a dramatic impact on the time for each acquisition but it also improves
the quality of the removal and increases the removal rate. A commonly used value
is in the range 0.5–1.5 µm/s. The number of lines acquired on each 2D AFM scan
is generally associated to the graphical resolution of the final AFM image. While
removing material, this parameter plays a crucial role in the quality of the removal.
A high number of lines translates into a denser and less spaced passages of the tip
in the same portion of area. In extreme cases e.g. very small scan sizes, the tip can

Fig. 3.26 Material removal rate. a A pristine FDT is compared with one used for multiple tomo-
graphic analysis. Residues of the material removed are visible on the tip body. b A Cu blanket
sample is used as calibration structure for the removal rate evaluation at different load forces
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pass many times on the same location within a single AFM scan improving the
effectiveness in the removal. In this work we generally use 512 lines per scan which
does increase the acquisition time but also provides high-resolution 2DAFM images.
The latter is beneficial for the resolution of the final 3D interpolation. During the
SPM tomography the DC bias between the tip and the sample has to fulfill two main
requirements: (1) it has to be sufficiently high to induce a measurable current flow
leading to the detailed contrasts in the current map. (2) It should not interfere with
the measurement e.g. affecting the material removal rate. It is clear that this value
is highly dependent on the characteristic conductivity of the sample and will vary
among different type of observation. For example Rodembücher et al. [73] have used
a diamond tip at high pressure to access the bulk properties of Nb doped SrTiO3. In
general if the DC bias is not intentionally used as a mechanism for material removal
during the scan, a low value is preferable; in this work we use always (negative)
voltage in the range of 10–100 mV with the tip grounded and the bias applied to the
sample. However, thermal effects due to Joule heating can contribute to the eroding
process since also at reduced values of applied voltage tens to hundreds of nA can
flow (especially for conductors). Finally, the dependence of the material removal on
the environmental conditions during the analysis is another major parameter since it
can induce structural and mechanical changes in the materials under investigation.
In our measurements we work generally at high vacuum (≈10−5 mbar) although we
were also able to obtain similar results when working in air at ambient conditions.
Due to the aforementioned scanning conditions the duration of the entire analysis
can take several hours; during this time any system-induced drift in the x-y plane
needs to be compensated either by the operator or by dedicated control software.

Three-dimensional reconstruction—after the acquisition of the set of 2D images,
the three-dimensional reconstruction enables the final structural and electrical analy-
sis. This procedure starts with the displacement of the 2D images set in a 3D matrix
by means of a dedicated MATLAB routine [65]. The slices are generally assumed
as evenly spaced in the third dimension although each slice can be positioned at
a desired point. The newly generated 3D matrix is imported in a graphic rendering
software (e.g. Avizo) here each slice is aligned. This step can be done using dedicated
error-minimization algorithms between subsequent slices, or manually aligning con-
secutive slice by means of alignment markers. At this point the software can execute
different interpolations, to reconstruct the missing information between slices. Gen-
erally a linear interpolation based on the value of the nearby slices is preferred for
our purpose.

3.5 Summary of the Chapter

In this chapter standard and non-conventional measurement techniques used in
this work were introduced. Basic principles of electrical SPM for nanometer elec-
trical characterization have been presented. Traditional electrical contact mode
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(e.g. C-AFM) has been presented and compared with a recent intermittent con-
tact analysis technique. Some of the most common measurement artifacts observed
during our original experimental work have been reported together with the possi-
ble solution. By the adoption of 6 parallel linear amplifiers we have improved the
existing technique by extending the current sensitivity of C-AFM of three order of
magnitudes. When needed, we have exploited the intermittent contact PFTUNA to
correlate electrical andmechanical sample’s properties.We also presented an original
evaluation method to calibrate the electrical contact area of the tips for contact-based
electrical AFM techniques. Finally, after a review on potential 3D analysis tech-
nique, we have described our newly developed 3D-tomographic technique namely
SPM tomography. This exploits an elegant slice-and-view approach where sub-nm
material removal is induced by a diamond tip to record consecutive 2D images. Those
are finally interpolated by a dedicated algorithm for the 3D analysis of confined vol-
umes. The main parameters to control the tip-induced material removal have been
described together with the list of potential applications, however scalpel SPM will
be extensively used in Chaps. 5 and 6 for the tomographic observation of conductive
filaments in RS memory devices.
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Chapter 4
Conductive Filaments: Formation,
Observation and Manipulation

4.1 Tip-Induced Filament Formation and Observation

For memory applications the conductive filament represents the bit of information,
its creation and dissolution mechanisms are of primordial importance to provide
insights on the device performance. Programming speed, power consumption, reten-
tion, cyclability and thermal stability are all intimately related to the physical structure
of the CF. For instance the retention of the information depends on the filament sta-
bility which is related to the atomic structure of the CF. Similarly, the endurance (i.e.
filament cyclability) is determined by the CF’s apex and its continuous nanoscopic
rearrangements during formation and rupture. Electrical characterization methods
based on scanning probe microscopy have the potential to provide the required spa-
tial resolution and thus enable the physical characterization of the RS mechanisms.
As introduced in Chap.2, SPM and C-AFM in particular, have been often proposed
to study the local effects of RS on the sample surface [1, 2]. Among other advan-
tages, this configuration facilitates the device fabrication. The switching materials
can be deposited on blanket wafers, saving time and costs related to the mask design
and lithography. In this section RS in Cu/Al2O3 and Hf/HfO2 is investigated using
the C-AFM tip twofold. (1) As a virtual ultra-scaled top electrode thus allowing to
induce filament formation and cycling, and (2) as a probe during the analysis phase
whereby the local changes in current flow (resistivity) detects the presence and state
of a filament. The role of the conductive tip on the resistive switching by C-AFM is
investigated in the following sections. In particular we describe the tradeoffs between
tip-resistance, tip-radius and tip-material to provide a good correspondence between
standard RS-device and tip-induced RS experiments. After the CFs formation, they
are observed and manipulated in order to understand the scaling potential of resistive
switching. This combined to the analytical fitting of the I–V characteristics recorded
byC-AFM, is used to elucidate the physics of the resetmechanisms in the sub-10nm2

dimensions.
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4.1.1 Areal Switching

The usage of C-AFM for investigation of RS, has been often associated with areal
switching [3].Manymaterial systemsuch as perovskites (e.g. SrTiO3, Pr0.7Ca0.3MnO3

PCMO) and binary transition metal oxides (e.g. NiO and TiO2) exhibit a continuous
RS related to a gradual modulation of the Schottky barrier at the interface with the
electrode due to a voltage-induced variation of the defects densities (V ..

o ) in the film
[4]. The barrier modulation induces a local resistance variation which is often studied
with C-AFM as region locally ON or OFF within the scan area [5, 6]. In the material
systems studied in this dissertation this effect is generally absent. This can be consid-
ered as an indication of the specific RSmechanism in purely filamentary-based RS as
compared to the large range of RS events. Although triggered by a voltage-induced
defect modulation, our CFs require a local electroforming to be activated. Scanning
a local portion of sample with the required forming bias leads generally to surface
damages. These unrecoverable modifications are induced by a combination of high
electric field and high current density combined to the lateral motion of the tip. In
Cu/Al2O3 for example, the smooth surface easily evolves into rough when subject to
these conditions. Figure4.1a shows the Auger spectrum after scanning the surface
with the tip biased at 6 V. The area originally flat (not shown), is investigated with
Auger electron spectroscopy (AES) to detect the chemical species on the surface
which is now very rough. AES is carried out in a Thermo VG350f Microlab tool
with beam energy of 10kV and beam current ≈3nA. After the AFM scan with the
biased tip, the morphology changes with the appearance of unrecoverable bumps
that AES reveals to be Cu-rich. Those features affect the entire layer integrity and
are not representative for the RS events happening in the devices since they are not
observed. Similarly, for the Hf/HfO2/tip-system every attempts to induce areal RS
leads to morphological changes of the surface, those are generally less severe of

Fig. 4.1 Areal switching. a Auger electron spectroscopy is used on the Al2O3 surface after scan-
ning the biased-tip. Severe structural modification of the surface with intermix of the constituting
materials is induced, as seen with AES. b Surface modification induced by the attempt to form a
500× 250 nm2 region on HfO2 surface
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the one presented in Fig. 4.1a and they belong to the class of the tip-induced bias
assisted anodic oxidation phenomena [7]. In Fig. 4.1b a central 500× 250 nm2 region
has been modified while attempting to form that area. The morphology of the film is
locally changed with a thicker oxide grown in the 500× 250 nm2 area. The increase
in thickness of the oxide layer shift the value of forming voltage over 10 V, and thus
limits any possible measurement. Furthermore, these type of morphological changes
are not observed in integrated devices (for example by TEM) also after prolonged
operations. Suggesting that these are tip-induced (C-AFM specific) artifacts when
working in air. Thus they are not very representative for the filamentary-based RS
mechanism.

In general, in this dissertation we focus on point-contact CF formation and all
the reported RS events are not associated to any large morphological changes of the
oxide surface. For this reason since topography images are generally constant, in this
dissertation primarily current maps are shown.

4.1.2 Ultra-Scaled Device Sizes with C-AFM

The evaluation of the electrical contact area (Sect. 3.2.5), indicates that the FDT tips
at moderate load force (≈200nN) can easily replicate a 10nm2 (or smaller) movable
top electrode [8]. Two blanket samples are prepared in order to investigate with
C-AFM the cation- and anion-based RS. In case of CBRAM the stack is 15nm Cu
deposited byPVDona standard 300mmp-typeSi(100), followedby3nmamorphous
Al2O3 deposited using a plasma enhanced ALD deposition technique at 45 ◦C, using
O2 plasma and tri-methyl aluminium (TMA) precursor. In the case of VCM, 30nm
TiN layer is deposited on a standard 300mm p-type Si(100) wafer, followed by
10nm metallic Hf grown by low-temperature PVD and finally 3nm HfO2 layer is
deposited with a standard water-based ALD process. Both samples present smooth
surfaces with roughness in range 0.1 to 0.3nm (RMS) for 1µm area. Different oxide
thicknesses have been investigated resulting in a optimal value of 3nmwhenworking
with C-AFM. Similar to theMIM devices, an electroforming is required also with C-
AFM to trigger the RS. Figure4.2 shows the forming voltage dependence as function
of device size with the values of C-AFM, here considered as a 10nm2 device. The
increasing trend of forming voltage with reduction of device size is maintained,
values over 6V are consistently observed when forming with C-AFM. The observed
high values can be partially attributed to the transition of the electric field from a
planar toward an hemispherical distribution as in (Fig. 4.2b top inset) [9, 10]. This
is specific for the sharp AFM tip (radius ≈20nm) that induces a strong localization
of the E field at the edge of the tip sample contact. This is generally approximated
with a radial field distribution, with the highest field strength close to the tip apex
and rapidly decaying [1, 9]. However, in view of the aggressive integration of the RS
devices these values of forming voltages have to be taken into account. Consistently
with devices, the forming voltage presents a linear dependence with oxide thickness
and the set voltage seams independent as in Fig. 4.2b. This indicates that although

http://dx.doi.org/10.1007/978-3-319-39531-9_3
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Fig. 4.2 Tip-induced forming. a Forming voltage dependence as function of the cell area. Integrated
devices data are complemented with C-AFM. b Forming voltage depends linearly on the oxide
thickness, while the set voltage is almost constant, as an indication that the CF does not completely
recover on every cycle

the E field-driven migration of the defects is responsible for both the CF formation
and the set/reset. During the first CF formation the voltage drops across the entire
oxide thickness while during the set/reset the voltage will drop only on the fraction
of the original oxide thickness constituted by the recovered part of the CF.

Figure4.3 provides a clear overview of the dimensions involved in the tip-induced
RS events. Both samples are illustrated schematically and imaged using cross-section
TEM. Figure4.3a, c represent respectively the Hf/HfO2 and Cu/Al2O3 stacks. A high
resolution TEM image of the tip apex of our FDT is added to the figures (scale bar
10nm). For the electrical programming, the tip is grounded and the bias is applied
to the sample, which has been previously prepared to contact the TiN or the Cu
layer respectively. This preparation often referred as “back-contact” is realized by
scribing the sample with a diamond pen and filling the scribe with a GaIn eutectic
finally covered with a Ag paint. In this way, an ohmic contact is established between
the buried (metal) layers and the sample holder where the bias is applied. After
the electroforming the C-AFM tip can be used to locally trigger RS. As shown in
Fig. 4.3b, d when held stationary in one point the tip can record I–V characteristics.
Two RS cycles respectively for the Hf/HfO2/tip- and Cu/Al2O3/tip-structure are
presented. According to the biasing scheme of Chap. 2 (Fig. 2.3), we observe set
and reset using positive and negative polarities (applied to the sample) consistently
with the bipolar type of RS. A sudden increase in current (Fig. 4.3b, d) during the
positive voltage ramp clearly demonstrates the creation of a filament (“set” stage).
Conversely filament disruption (“reset” stage) is visible when the opposite polarity
is applied. After the reset transition both switching layers behave as a normal thin
oxide with associated current leakage due to direct or trap-assisted tunneling (inset
Fig. 4.3b), this will be treated more in details in the following sections.

http://dx.doi.org/10.1007/978-3-319-39531-9_2
http://dx.doi.org/10.1007/978-3-319-39531-9_2
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Fig. 4.3 Tip-induced resistive switching. a Schematic and cross-section TEM of the C-AFM setup
for HfO2-based VCM (scale bars: tip 10nm, sample 5nm). b Tip-induced switching cycle in
Hf/HfO2-tip system. The inset shows current fluctuation associated with reset. c Schematic and
cross-section TEM of the C-AFM setup for Cu/Al2O3-based CBRAM (scale bars: tip 10nm, sam-
ple 5nm). d Tip-induced switching cycle in Cu/Al2O3-tip system

These observations, clearly show that it is possible to induce filament formation
and dissolution using C-AFM. Furthermore, due to the size of the tip-induced elec-
trode, the physicalmechanism of RS shows strong scaling potential in the sub-10nm2

dimensions.

4.1.3 The Role of the Tip

Acting as a movable top electrode the conductive AFM tip has a primordial impor-
tance in tip-induced RS. Before proceeding with the rest of the experimental work,
in this section the importance of the conductive tip (e.g. material, resistance and
tip-apex) is clarified. In common with the inert electrode of the integrated devices,
the AFM tip has to be conductive. To avoid the oxidation of the tip during RS, the
use of materials electrochemically inert to oxygen is required. In addition, due to
the absence of any selector device (as the 1T1R transistor), in a C-AFM experiment
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Fig. 4.4 The role of the tip. a Schematic of the total resistance in the tip-CF-sample system. In the
inset, the resistance of different conductive tips is reported. b SEM inspection of a sharp FDT tip
(scale bar 500nm), compared to an intentionally blunted tip (scale bar 500nm and inset 200nm)

the tip acts also as a current limiter during the filament formation. In essence, once
the CF forms the series resistance constituted by Rsubstrate, R f ilament and Rti p is the
limiting element for the flowing current (Fig. 4.4a). Rsubstrate is generally negligible
due to the sample back-contact. Rti p can be considered as constituted of two terms.
One accounting for the tip-sample resistance and a second bulk tip resistance, con-
sidered as the contribution of the remaining parts of the tip. When the CF is formed
and a galvanic contact is (locally) created between tip and sample the first term is
negligible. Therefore the second term, the bulk tip resistance becomes a relevant
parameter. In the ideal case of a negligible filament-resistance, the current limita-
tion is entirely set by the tip resistance. In reality, the tip resistance will always be
in series with a non-negligible filament resistance and thereby their sum acts as a
current limiter (Fig. 4.4a). Hence the choice of a lowly resistive tip can lead to a high
programming current, destroying (by thermal dissipation) the sample. Conversely, a
highly resistive tip could limit the current to levels at which RS is not induced. In
view of this current limiting function, the conductive tip in C-AFM can be compared
to the control-transistor in a 1T1R configuration. As example in Fig. 4.3b considering
a set voltage of 1 V, one can now calculate the maximum current flowing through the
electrical circuit formed by the series resistance of the tip and the filament similarly
to a current compliance as extrapolation of the ohmic part of the I–V (≈2 µA).

Figure4.4a (bottom inset) shows different tips and their relative values of bulk tip
resistance. Metal coated tips, provide low resistance values while diamond tips are
generally showing high resistance. In addition, diamond tips show large variability of
the nominal resistance value due to the conductivity variations of the doped diamond
layer. However, the tip resistance can be calibrated on a Pt reference sample before
the usage by a simple I–V measurement. To meet the low-current operation used for
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devices (1–50 µA), in this work where not specified, we use FDTs with resistance
>10 k�. The use of resistive tips (i.e. low-switching currents) mitigates the thermal
dissipation leading to morphological changes of the sample surface [11].

If the tip resistance is important to limit the current in the CF, the tip-radius is
another relevant parameter as it can determine the final size of the tip-induced virtual
capacitor. The electrical contact area evaluated for a new tip (Sect. 3.2.5), is estimated
below 10nm2. Assuming a current of 100 pA flowing in the tip-sample system, a
current density of 1000 A/cm2 is easily reached. For point-contact measurements
it might be important to achieve larger contact sizes. For example, to minimize the
current density and associated heat dissipation, or to replicate larger device sizes with
C-AFM (as shown in the next section). To this end a fresh tip can be intentionally
blunted in order to enlarge the electrical contact-area. This can be achieved by ion
beam milling [12] or by prolonged scanning of the tip. The result of this second
approach can be seen in Fig. 4.4b. In this case the tip has been scanned for ≈20h
at high pressure (GPa) against a Pt surface. The SEM image shows the apexes of a
pristine versus an intentionally blunted tip, the latter shows an increased tip radius
compared to fresh tips (Fig. 3.4a).

4.1.4 Resistive Switching C-AFM Versus Devices

Aiming to gain insights on the physical mechanisms of RS, C-AFM must be able
to reproduce electrically the same CF formation and switching observed in devices.
We have partially introduced how to match operative current and device size by
tuning the tip parameters. In this section those concepts are used in order to achieve
good agreement between C-AFM experiments and MIM devices. Figure4.5a shows

Fig. 4.5 Matching device operation in VCM. a An intentionally blunted tip is used to replicate the
operation of a 100nm2 MIM device. The stop voltage of the C-AFM bias sweep is used to impose
the compliance current. Note, the current is measured with a C-AFM equipped with our custom
FEMTO amplifier for the extend current sensitivity. b Comparison between C-AFM and integrated
device both operated at ≈250 µA current compliance

http://dx.doi.org/10.1007/978-3-319-39531-9_3
http://dx.doi.org/10.1007/978-3-319-39531-9_3
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a C-AFM switching cycle of Hf/HfO2. After the CF formation (Fig. 4.5a step 1), the
current is limited by the series of CF + tip (Fig. 4.5a step 2). By modulating the
voltage sweep it is possible to force the desired current in the CF, as in Fig. 4.5a we
stop at 2V with 125 µA. In Fig. 4.5b the C-AFM I–V characteristic is compared to
a 1T1R device (50× 50 nm2), both electroformed and programmed at 250 µA. In
the attempt to replicate the operations of a 50× 50 nm device as in Fig. 4.4b, a blunt
AFM tip is used thus leading to a contact area of ≈100nm2. A slightly higher set
voltage is observed in C-AFM likely due to hemispherical electric field distribution
induced by the conductive tip acting as a virtual electrode. For the rest, both I–Vs
i.e. AFM tip-induced and MIM device, show good agreement.

It is worth noting, that when a sharp tip is used (independently from the tip
material), it becomes difficult to force currents over 50 µA in the CF. The observed
I–V curves are similar to the one showed in Fig. 4.3a, b where the CF resistance
dominates the CF + tip series. This indicates that a highly resistive CF (≈M�)
is formed when the contact size is below 10nm2. This will be clarified in Chap.5
when the sizes of the CFs induced at different programming conditions are directly
observed in two- and three-dimensions. However, the present observations indicate
that the filaments programmed at current regime >50µA, require a later growth
which exceed the sub-10nm2 contact size provided by our sharp C-AFM tip. As a
consequence, scaled contact sizes will induce highly resistive CFs and therefore limit
the accessible currents to few tens of µA, independently on the tip resistance. This
does not represent a problem for our study since the interest on RS phenomena is
especially related to low-current operations.

With the setup shown in Fig. 4.5a (blunt tips) it is possible to achieve stable and
repeatable cycling of the conductive filament for both CBRAM and VCM. Hundreds
of cycles can be achieved using the C-AFM tip; ultimately limited by the quality
of the tip-sample contact which is affected by many factors such as tip-forces, sur-
face asperities, lateral drift and sample adhesion. Although far below regular device
performance, is impressive that C-AFM in a single point-contact measurement can
repeatedly induce hundreds of cycles. The latter suggests that conceptually a C-
AFM-induced device is the same as a lithographically defined one.

By using a sharp tip the cycling stability reduces, resulting in few tens of consecu-
tive cycles. This can be partially ascribed to the formation of weaker CFs, combined
to a stronger impact of the contact-related issues when the contact size is very small.
However, these are interesting results as they prove that (1) a minimum later growth
(e.g. physical space) is required for the CF to achieve low resistance (<100 k�). (2)
The capability of C-AFM to mimic the RS mechanisms can be exploited to investi-
gate the filament formation on blanket samples obtaining operations consistent with
devices. The case of VCM is reported in Fig. 4.5b while CBRAM is reported in
Fig. 4.6a, b. Good agreement is observed in the I–V characteristics of C-AFM and
device operations. In Fig. 4.6a the LRS resistance RLRS and Ireset are presented as
function of the programming current for standard probe measurements of 0T1R and
1T1R devices and C-AFM in Fig. 4.6a. The results show the role of the compliance
current in the formation of the resistance for the CF in LRS. By comparing our
measurements with standard probe measurements, it is clear that C-AFM provides a

http://dx.doi.org/10.1007/978-3-319-39531-9_5
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Fig. 4.6 Matching C-AFM with devices for CBRAM. a RLRS resistance and resent current are
shown as function of the compliance current for 0T1R, 1T1R and C-AFM. As visible, C-AFM can
be used as a complementary analysis technique as the experimental observation are well in line
with device results. b The first and the fiftieth cycles are shown for the Cu/Al2O3-tip. The induced
LRS is practically the same suggesting the same CF to be consequently formed and ruptured. Note,
after prolonged cycling a leakage current appears after the reset, as indication of a progressive oxide
degradation

complementary analysis tool specifically to study the physics of RS at low-current
on the nanometer scale. In addition, by tuning the load force on the tip, C-AFM
enables the modulation of the electrical contact size and therefore the analysis of
RS at ultra-scaled dimensions as treated in the following sections. Remaining in the
case of CBRAM, Fig. 4.6b compares the first and the last I–V characteristics after
50 cycles induced by C-AFM. The little variation of the RLRS and reset voltages
among the subsequent cycles may be an indication of the continuous formation and
dissolution of the same conductive filament. On every formation and disruption the
conductive filament likely undergoes some small changes in shape and size. On the
last cycle of Fig. 4.6b after the reset transition, a certain leakage current appears in the
reset sweep at -1 V, due to the oxide degradation during cycling. The latter effect is
prominent especially after may cycles, indicating that this is a mechanism ultimately
responsible for the degradation of these devices when too many defects in the oxide
are generated [13].
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4.1.5 Filament Observation

From Celano, U. et al., Nanoscale, 5, 11187, 2013.
From the previous sections, it is clear that the electrochemically-assisted for-

mation/annihilation of Cu or V ..
o filaments described in Chap.2 is feasible using a

C-AFM tip. The added value of C-AFM relies in the possibility to probe also the
shape and size of the CFs. In order to create a CF and inspect it with C-AFM, a simple
four-step approach can be used: the conductive tip is used for (1) filament formation
(2) LRS characterization (3) filament disruption (4) HRS characterization. Filament
formation refers to create a CF and leave it in the LRS. This can be achieved by
applying only the voltage sweep for the CF formation (avoiding the negative sweep)
as in Fig. 4.7a from 0 to 2 V. Afterwards, the region where the point-contact I–V has
been done, is scanned with C-AFM at low bias (10–100mV read-out). This is done
to observe the CF and its conductivity in the current map of C-AFM, without pertur-
bating it. After the CF visualization the tip is positioned again onto the CF and the CF
reset is achieved by point-contact voltage sweep, as in Fig. 4.7a this time applying a
negative bias (from 0 to–0.5V). The C-AFM read-out is repeated in the same region
also for the HRS state. In this way the same CF can be inspected in its LRS and
HRS state. The result is shown in Fig. 4.7b, whereby the same conductive filament
is observed in LRS after the formation and HRS after the reset. In the LRS a highly
conductive spot with a diameter≈20nm is visible in the current map of C-AFM. The
conductivity is highly localized in the inner part of the spot and tens of nA flow as
measured by C-AFMwith–10mV applied to the sample with the tip grounded. After
the LRS characterization the conductive tip is placed on the conductive filament and
a reset DC sweep is ramped. Once in HRS the observation with C-AFM is repeated.
The highly conductive spot is now carrying a very small current in the range of pA as
compared to the nA of the LRS. Despite this 103 fold decrease in current, the shape

Fig. 4.7 ON and OFF observation. a C-AFM point contact I–V trace showing the CF formation
and reset. b The same CF is observed with C-AFM (current map) in the ON (top) and OFF (bottom)
state (scale 20nm). Note the large difference in current visible in the current data scales

http://dx.doi.org/10.1007/978-3-319-39531-9_2


4.1 Tip-Induced Filament Formation and Observation 97

and size of the conductive spot is similar in both LRS and HRS. In this scenario,
the tunneling gap created at the point of rupture of the conductive filament would
be responsible for the leakage current observed in the HRS. This leaves the shape
and size of the conductive spot in the C-AFM current map unchanged, and affects
only the absolute value of the current that flows. However, this does not allow to
unambiguously determine if the gap is formed on the top or the bottom interface
as the results would be similar in both cases (inset Fig. 4.7c). Note, the spots are
measured on the top surface of the sample as in the inset of Fig. 4.7a. Our results
show conductive filament in LRS with a diameter of≈20nm on the surface of Al2O3

(note this is the side of the inert counter electrode).
Reduced dimensions for the CFs can be observed by using a sharp tip at moderate

load force. However, in this case the repositioning of the tip with Å precision onto
the CF for subsequent set and reset could be difficult. Despite the limitations, the
LRS and HRS states of different CFs can still be individually induced and observed.
Figure4.8 shows two CFs respectively induced on Cu/Al2O3/ and Hf/HfO2. The I–V
curves related to the visualized CFs are shown in Fig. 4.3b, d. The conductivity of
the CFs is highly localized and each spot presents a more conductive (core) region
as also visible by a 2D cross-section in Fig. 4.8a, b (current profiles in the insets).
The highly conductive sub-region of the CF can be quantified, and in both cases
we obtained values well below 100nm2. As the reader will have noticed, the CF
visualized for the HfO2 shows a poor conductivity although in LRS (Fig. 4.8b). This
is likely due to a fast passivation of the defects constituting the CF with the oxygen
present on the sample surface once the tip is removed from the point-contact. This
effect imposes severe limitations to the inspection of the CF in case of VCMs. This
problem is mitigated in case of Cu-filament (Fig. 4.8a) due to reduced reactivity of
Cu with the environmental oxygen. In this case the HRS, can be visualized after CF
rupture as a spot with reduced conductivity (Fig. 4.7b). However, also the tip-induced
Cu filaments show the tendency to recover (i.e. increase the CF resistance) with time.
This is clearly visible in Fig. 4.8c, where the evolution of the CFresistance and CFarea
is shown as function of time. The same CF is observed and the evolution of its size
and conductivity is recorded during the continuous AFM scans. The tip is biasedwith
100mV read-out voltage (similar results are observed also with opposite polarity).
After ≈6min, we observe a size reduction of the highly conductive area inside the
CF. The latter is not associated with a large change in resistance, calculated as 0.1V
divided by the highest value of current measured in the CF. In the following read-out
the CF resistance has a sudden increase, this is associated with a structural change
in the CF visible as a size reduction (from ≈38 to 19nm2) and conductivity change.
The CF is almost completely recovered in the last read-out (≈15min). The current
flowing is in the range of pA and the sizes are dramatically reduced to≈10nm2. This
effects which is consistent in all the tip-induced CFs, indicates a natural tendency of
theCF to evolve into theHRS,when induced on blanket layers. It has to be considered
that, the tip acts as nucleation site for the Cu-filament and therefore once it is removed
to scan, the CF is exposed to the oxygen in-diffusion from the meniscus and surface
contaminants accelerating its passivation. However, a poor LRS retention is often
reported also for devices if programmed at low current (<10µA). In addition, these
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Fig. 4.8 Filaments at reduced dimensions. a Using a sharp tip at moderate force we induced and
observe CF in the case of a Cu/Al2O3/ and bHf/HfO2. A 2D cross-section of the conductive profile
and the quantification of the highly conductive area within the CF is provided. c The evolution of
the conductivity and the dimensions is reported as function of time for a Cu-filament. Note, the
values of the CF’s area evolution is shown in the inset pictures as a transparent red area

resistive states tend to spontaneously drift toward higher values of resistances in pulse
programming, a problem known as state relaxation [14]. Therefore our observations
have to be likely considered as the direct experimental evidences of the metastable
nature of the LRS.

Despite the short stability, the possibility to inspect CFs after their formation
leads to the possibility to correlate geometrical parameters to electrical properties
of the CFs. This is shown in Fig. 4.9a, where the CF area is plotted as function
of the filament resistance (for Cu-filaments). The filament resistance is extracted
from the ohmic branch of the I–V curve at the CF formation after subtracting the
value of the tip resistance. The independence of the experimental values of filament
area with the CF resistance suggests an irregular geometry for the CF in the third
dimension. The CF is certainly not cylindrical because resistance and area would
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Fig. 4.9 Filament geometry considerations. a The area of various CFs formed under the same
conditions is shown as function of the CF resistance. b RLRS distribution observed in device when
programmed under comparable current levels. c Conductivity, shape and size are compared for the
same Cu-based filament after three subsequent formations (scale bar 20nm)

have shown a ≈1/A proportionality with A CF area (red trace Fig. 4.9a). While a
truncated-cone geometry approximation is still possible due to the proportionality of
the resistance with≈ 1/abwhere a and b are respectively the major and minor bases
of the truncated cone. Note that we can observe only the face of the CF measurable
by C-AFM on the oxide surface, therefore the size/shape of the CF at the oxide/Cu
(i.e. bottom) interface is unknown. Interestingly, filaments showing comparable
value of resistance (and induced with similar conditions), present a large spread in
themeasured sizes as indication of twomajor facts. (1) The complex atomic structure
of the CF in the third dimension contributes greatly to set the CF resistance. And
(2) that the local properties of the solid electrolyte (e.g. density, porosity, thickness
variation and absorbed moisture) can induce a large variation in the CFs formed
under similar conditions. The same process is likely the physical explanation for
the very large dispersion experimentally observed in the LRS distribution of MIM
devices programmed with low current compliance as in Fig. 4.9b.

To elucidate this phenomenon, we repeatedly formed the same CF, and study the
evolution of its dimensions and conductivity on three subsequent cycles. Figure4.9c
shows an example where the same CF is induced and inspected three times. The
read-out scans after each formation are presented in Fig. 4.9c. Although with mini-
mal differences in all the cases the spots have almost identical sizes while different
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conductivity is observed (i.e. different current flowing at same read-out bias). This
indicates that (1) the same CF tends to re-form on subsequent cycles, and (2) that
atomic rearrangement of Cu in the CF can induce changes in the CF resistance
even with no major CF geometrical modifications. This topic will be covered also
in Chaps. 5 and 6 with the 3D observation of CFs and the tomography of multiple
parasitic filaments.

Finally, these results partially show some limitations of the standard C-AFM
technique. The observation of the CFs as (2D) conductive profiles on the surface of
the solid electrolyte, cannot provide information of the entire CF and in particular
of its constriction. As demonstrated in this section, the electrical properties of the
CF are greatly dependent on those parts not directly accessible with the standard
C-AFM.

4.2 C-AFM Probing the Reset State

Due to its remarkable spatial confinement C-AFM is a privileged tool to investigate
at the nanoscale the structural changes of the CF during RS. While the LRS can be
programmed and observed, the HRS is generally more complex to characterize in
view of its reduced conductivity. In this section, to elucidate the nature of the CF in
the HRS, we form and cycle CFs with the C-AFM and model their rupture based
on the analytical fitting of the I–V characteristics. We explore the description of the
erased CFs as either a tunnel-barrier or a quantum-point-contact. For CBRAM we
demonstrate the formation of a tunnel barrier associated with the HRS state when the
CF is confined under the C-AFM tip. For VCM, the modes of operation observed,
can be related to the number of defects contained in the CF and modeled through
a low-defects assisted quantum-point-contact (QPC) conduction. We assume that a
generic reset transition can be considered as constituted by twomain parts (Fig. 4.10).
(1) An initial part where the CF is still present often showing fluctuations, which is
considered characteristic for the creation of the conductive path for the HRS (dashed
red line). And (2), a more stable part (termed as static) representative for the final
state assumed by the CF in the HRS after the reset (solid blue line). As reference
Fig. 4.10 shows this separation in the reset transition of a CBRAM device.

4.2.1 Gap Formation in Cu Filaments

From Celano, U. et al., IEEE IEDM Tech. Dig., 14.1–14.4, 2014.
In case of CBRAM, the reset operation starts when the negative polarity is applied

at the Cu electrode. A large current flows through the CF due to its low resistivity
and the temperature of the CF increases by Joule heating. The thermal conductivity
of the Al2O3 is about 10 times smaller than that of Cu, and thus the temperature
increase is mostly confined in the CF. The Cu atoms of the CF are thermally oxidized

http://dx.doi.org/10.1007/978-3-319-39531-9_5
http://dx.doi.org/10.1007/978-3-319-39531-9_6
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Fig. 4.10 Analysis of the reset transition. A general reset sweep can be divided in two main
components: first, the dynamic transition of the CF from LRS to HRS associated with current
fluctuations (red dashed line). Second, the final (static) HRS leakage baseline after the CF has
changed its conductance (blue static line)

and they diffuse in the surrounding medium due to concentration gradient. Finally,
electric-field driven and thermally activated hopping of Cu ions induces a structural
rearrangement of theCF (enhanced at its constriction). In these conditions, the rupture
of the CF takes place due to an electrochemical and Joule-heating assisted process
[15–17].

When the reset is triggered, C-AFM detects a leakage current in correspondence
of the CF rupture, immediately after the reset transition (on Cu/Al2O3). Figure4.11a
shows that after the CF rupture, clear steps appear in the reset sweep. These can be
considered as the intermediate steps toward the final HRS which is induced in the
CF at the end of the bias sweep (Fig. 4.11b). The different branches of the measured
current leakage obey a Fowler-Nordheim tunnel (FNT) dependence (e.g. tunneling
across an insulator gap of increasing thickness). In essence the observed jumps
after the CF rupture are a signature of steps occurring during the tunnel-barrier
(gap) formation. Note that different conduction mechanisms have been tried such as
Schottky emission, Poole–Frenkel and QPC conductance but they did not provided
satisfactory fitting to our curves [18]. In Fig. 4.11a, the provided fit demonstrate that
the I–V curve for the leakage after the CF reset can be described with an analytical
tunneling current description (as proposed by Schuegraf and Hu for a tunnel barrier)
[19].
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where q is the electron charge, me is the free electron mass, mox is the effective
electron mass in the band gap of Al2O3, � is the reduced Planck constant, φB is
the barrier height in electron volts for injection of the electrons, Fox = Vox/dox is
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Fig. 4.11 Tip-induced filament rupture in CBRAM. a Tip-induced reset trace, the rupture of the CF
and the transition between LRS to HRS presents a leakage current which follows a FNT dependence
with increasing thickness of the tunnel barrier.bAthree-steps gap formationprocess is schematically
described in figure. c Values of dox extracted by the FNT fitting for the static part of the I–V, an
average 0.9nm gap is induced. d We introduce �gap as the difference between two consecutive
barrier thicknesses (doxn–doxn−1). �gap can be interpreted as the size of the consecutive steps done
by the CF during the formation of the tunneling gap after filament rupture. We plot all the steps into
a histogram, and we clearly observe peaks appearing at integer of 2.5 Å. Those are fitted with a
series of Gaussian distributions as a guide to the eyes. In the inset conventional cell with cannonballs
at each point of the Bravias lattice is shown for Cu fcc

the electric field across the oxide (Vox is the bias across the oxide, dox is the oxide
thickness). In this formulation the model is optimized for oxides below 2nm and has
a correction factor for direct tunnel (DT) regime for Vox<φB/q and FNT regime for
Vox>φB/q. The set of parameters used for the fitting are experimentally extracted
by internal photo emission spectroscopy (IPE) analysis carried out on Cu/Al2O3

reference stack (φB = 3.5 eV and mox = 0.4 eV) [20].
Using the FNT equation, to fit the HRS baseline after CF rupture, we can extract

the thickness of the tunnel-barrier induced at the end of the reset transition (4.11c).
This is in the order of≈0.9nm.Due to the appearance of intermediate steps in the reset
transition (Fig. 4.11a), we can quantify the steps between subsequent jumps (e.g. step
= dox2 – dox1) to account for the intermediate tunnel-barrier growth. Interestingly,
when we repeat this experiment on several reset traces and plot the histograms of
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the subsequent steps we observe clear peaks at integers of 2.5 Å which is in the
same order as the lattice parameter of the Cu metallic-phase. This proves that due
to the high spatial confinement of C-AFM a limited number of Cu atoms are in the
constriction which dissolves leading to a tunnel gap formation. The latter is achieved
by a quantized evolution of the originally connected CF with steps on average of
2.5 Å. It is worth noting that using the Cu/Al2O3-tip configuration, we consistently
observe the formation of a tunnel gap associated to a abrupt type of reset. A more
complete CF rupture dynamic will be discussed in the next chapter for the case of
integrated devices. There, our observation will be integrated by a complementary
phenomenon which is the size modulation of the filament constriction. This is also
associated to a different type of reset namely “progressive”.

4.2.2 Low-Defects Assisted Quantum-Point-Contact

For the Hf/HfO2 material system in Chap.2 we have described a quantum point
contact conductance model that well describes the device operations [21]. The QPC
model describes the behavior of a physical constriction with a current-controlling
energy barrier. Using as fitting parameter the geometrical dimensions of the filament
constriction e.g. the number of particles in the constriction. The model provides a
good fitting also for the I–Vs recorded with C-AFM. However also in this case,
the high spatial confinement provided by C-AFM enables the analysis of the reset
transition at very lowdimensions, and thus unfolds the related switchingmechanisms.

CFs are formed using FDT in sub-10nm2 configuration with programming cur-
rents below 10 µA. Similarly to CBRAM, the CFs’ resistance is in the order of M�

also in this case. This is a known condition, often reported for MIM devices [22].
The LRS starts to increase and the ON state of the I–V characteristic deviates from
the standard ohmic behavior especially at the zero crossing point. The stability of
the CFs is often affected and the majority of the CFs does not maintain the state after
removing the voltage stimulus [23]. It has been often debated if in such conditions the
CF undergoes a complete rupture (similar to CBRAM case) or it is still constituted of
few connected defects [24, 25]. We repeated the analytical study of the negative part
of the C-AFM I–V characteristics also for Hf/HfO2. Different conduction models
are tried to fit the leakage current during reset transition (Schottky emission, Poole–
Frenkel, direct and Fowler-Nordheim tunnel). It is worth noting that in this case the
only model providing satisfactory fit is QPC. We observe three main RS behaviors.

In Figure4.12 linear and log scales are provided for each I–V curve. Traces of
the QPC model are shown in red as function of decreasing number of defects in
the CF constriction. As example, in a population of 100 tip-induced RS events, a
small fraction (≈5–10%) presents the standard RS behavior as in Fig. 4.12a. This
is associated with an ohmic LRS which is lost when the CF is ruptured during the
negative I–V sweep. The rest (≈90%) of theRS events present a strongly rectifying or
a threshold-switching (TS) behavior Fig. 4.12b, c. Note, that QPC provides a good fit
for all the observed I–Vs (Fig. 4.12a–c), whereby the different modes can be induced

http://dx.doi.org/10.1007/978-3-319-39531-9_2
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Fig. 4.12 Tip-induced RS in VCM. a Standard RS showing ohmic LRS behavior is shown in
linear and log scale with QPC fitting provided. b Rectifying RS showing fluctuations during reset,
indicating some structural rearrangements of the CF during the reset and c threshold switching
behavior also associated with unstable CF (note the reset at low positive bias). By looking all the
I–Vs in logarithmic scale, the transition from LRS to HRS presents a leakage current which follows
a QPC dependence for all the cases with an decreasing number of V ..

o in the CF constriction, we
over impose the QPC fit (red solid lines) using limited number of oxygen vacancies (n represents
the number of V ..

o )
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solely by changing the number of V ..
o as indicated by the red lines (fitting curves)

in Fig. 4.12a–c. The number of V ..
o in the tip-induced CFs is in range 10–20. All the

induced CFs have in common the highly resistive LRS and the small number of V ..
o .

Note that previous studies on integrated devices operated at low-current, presented
similar values of the induced LRS but a high percentage of CFs showing direct
tunnel (DT) behavior with CF resistances over 100 M� [24]. In our C-AFM study,
the number of CFs showing DT behavior is practically negligible also for highly
resistive CFs. It is worth noting that for Fig. 4.12c the CF starts to erase already at
positive polarity nevertheless in agreement with the QPC description (as visible in
the fitting).

Hence, the three different I–V characteristics observed are function of the number
of defects constituting the reduced cross section part of the CFs. Furthermore, on sub-
sequent set/reset transitions we observe a continuous fluctuation among the different
types of the possible I–V characteristics. The latter proves that the CF filament geom-
etry undergoes small structural changes on every cycle due to the electrical stress.
Due to the ultra-scaled volume sampled by the AFM-tip, the impact of this nanosized
rearrangement is amplified indicating an instability of the atomic-size CF. Our exper-
iments suggest that the CFs continue to behave like a QPCs in non-linear regime also
when programmed at low-current and ultra-scaled dimensions. In other words, the
CF created as a local valence change within the HfO2 presents an atomic-scale con-
striction thus behaving like a QPC. Owing to the high confinement e.g. <100 nm2

and the low operative current e.g. <10µA, very few defects are constituting the
constriction thus increasing the energy barrier for the first available subband limiting
the electron transport. In essence, the electrons which are energetically positioned at
the Fermi level of the two reservoirs will depend on the applied voltage to increase
their probability to tunnel through the QPC subband leading to a strongly nonlinear
zero-crossing characteristic. This is at the origin of the CF instability and also of
the observed TS. Furthermore microscopic changes of the defect arrangement in the
OFF-state CF have a big influence on the CF stability explaining the pronounced
cycle to cycle variability that is observed also in integrated devices [23]. Our results
are in agreement with Long et al. [23] in their work on low current RS in large MOS
structures.

Basedonour observation, thefinal configurationof thefilament for anyvalueof the
programming current below 10µA is not deterministic. In other words, at low current
there is an intrinsic stochastic nature of the RS-phenomenon leading to formation of
CFs where the atomic constriction has such a small number of defects that the two
electron reservoirs are connected through a tunnel mechanism. Independently of the
forming conditions when the programming current is below 10 µA we observe a
non-zero probability for the CF configuration to show this bimodal behavior. This
is not surprising if one considers that the RS is only a subset of the soft (SBD) and
progressive (PBD) breakdown theory [26]. The final configuration of the filament
is bimodal with a finite non-zero probability of being QPC mode or tunnel barrier
(TUN) mode.
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Amodel for CFs at reduced dimension—Although the differences observed in the
I–Vs (Fig. 4.12a-c) suggest different structural properties for the CFs, they might
be viewed as the extreme case of QPC conductance (Fig. 4.13). During the electro-
forming the electric field induces the formation and the rearrangement of oxygen
vacancies in the HfO2, converting de facto a fraction of the oxide volume into the
CF i.e. local valence-change. With drastically decreasing dimensions (3× 3 nm and
below) the number of available defects cannot be described as an average density
identical at all locations, but needs to be viewed as a stochastic variable creating local
different probabilities for the CF formation. This explains the variability observed.
On the other hand, the QPC theory can still account for all the observed RS charac-
teristics including the evolution into TS (Fig. 4.12c) when a low number of defects
(below ≈10) is used. As the number of defects within the constriction reduces the
barrier height of the first available electrons subbands in the QPC and the Fermi level
position of the electrons reservoir determines the transport in the CF (Fig. 4.13 inset),
as also reported by Long et al.[23] for devices in low-current regime.

In ourC-AFMexperiments, the reduced appearance ofDTbehaviors, suggests that
the limited spatial dimensions and the high field-confinement can contribute to the
formation of QPC-behaving CFs. Those are generally more desirable for their higher
stability. The number of defects effectively constituting the CF’s constriction, will
determine the filament electrical behavior. In essence, our results indicate that the CF
stability in ultra-scaled devices will depend on the maximization of the oxide volume

Fig. 4.13 Tip-induced filament rupture in VCM. Three configurations of the CF constriction are
schematically described. The top inset shows the schematic of the energy diagram for the three
cases, emphasizing the role of the barrier height of the first available electrons subbands and the
Fermi level position of the electrons reservoir as the number of V ..

o decreases in theQPC constriction
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effectively converted into active (defects rich) filament volume. Before closing, it
has to be mentioned that working with C-AFM in air, the presence of absorbed
water (meniscus) on the tip and the blanket sample can affect our measurements. In
particular the availability of oxygen in proximity of the tip-sample physical contact
enhances the possibility of undesired interaction between V ..

o s of the CF and oxygen
atoms. The major impact of this can be an enhanced cycle-to-cycle variability and
CF instability both observed in our experiments. Although working in controlled
environment this effect is hardly controllable due to the extremely reduced number
of V ..

o s constituting the CF.

4.3 Device De-Process: Filament Observation

From Celano, U. et al., Applied Physics Letters, 102, 121602, 2013.
From Celano, U. et al.,Microelectronic Engineering, 120, 67-70, 2014.

In this section, to elucidate the nature of resistive switching on MIM cell struc-
ture, C-AFM is used in a reverse engineering fashion. In integrated capacitor-like
devices the layers of interest (Al2O3 or HfO2) are buried under several tens of nm
(top electrodes) [27, 28]. In this situation, the electrical information is averaged due
to the presence of the electrodes. C-AFM can be used only after the metal elec-
trode shielding the oxides is removed. There are three possibilities for the removal
of the top electrode: (1) wet chemical etching (2) ion milling (3) physical scraping.
The chemical removal by means of etchants might be detrimental for the stability
of the conductive filament. The use of focus ion milling has been demonstrated by
Singh et al.[29] on large devices, but in real cases higher accuracy is needed due to
the highly scaled device dimensions. Muenstermann et al.[6] have used a removal
technique based on delamination by adhesive tape to investigate TiO2 under Pt elec-
trodes.

As introduced in Chap.3, we have developed a nanometer precise removal tech-
nique by means of diamond tips and C-AFM [30]. The combination of high pressure
and high hardness of the FDTs is exploited here to physically remove the top electrode
by mechanical scraping. In this manner the surface of the dielectrics becomes acces-
sible and the conductive filament can be characterized with C-AFM. The advantages
of this approach are threefold: First, the presence of the electrode during the cycling
phase, allows to stress the device in the real operative conditions and actual devices
can be used. Second, the electrical programming is done ex-situ and the C-AFM is
used at low bias only for the subsequent characterization. Third, all the materials
softer than diamond can be removed with nm-precision [27, 31].

Electrode removal inHfO2 VCM—thememory element in our study is a capacitor-
like structure based on HfO2, as shown in Fig. 4.14. A 30nm-thick TiN layer is
deposited on a standard p-type Si(100) wafer, followed by 10nm of metallic Hf
grown by low-temperature PVD and 10nm HfO2 deposited with a standard water-
based ALD process. Finally, a 30nm TiN top electrode is deposited on top of the

http://dx.doi.org/10.1007/978-3-319-39531-9_3
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Fig. 4.14 Top electrode removal VCM. a The array of 5× 5 µm2 cells is shown in 3D by AFM.
In the inset, two devices respectively programmed in LRS and HRS are image by C-AFM (current
map). The LRS is characterized by a high leakage current (≈1 nA), while the HRS shows a low
but non-negligible (≈) pA leakage. Both electrodes are visible indicating, th presence of CF with
different resistive states. bThe 30-nmTiN top electrode is imaged before and aftermaterial removal.
(c)The oxide interface is exposed and observedwithC-AFMat read-out bias (≈100mV) for pristine
memory element, where no filaments are observed, LRSwhere highly conductive CFswith diameter
of the filament ≈50nm are observed. Finally for HRS, C-AFM current map presents filament with
diameter in range 5–10nm carrying currents in the pA range (scale bars 50nm)

HfO2. The sample is then patterned, creating 5× 5 µm2 cells (inset Fig. 4.14a).
Figure4.14a top inset shows two C-AFM current maps of different cells (metal
electrode still present) respectively programmed in LRS and HRS. The device on the
left is formed and the one on the right has been formed and then reset. Though the
leakage current flowing in the HRS cell is dramatically lower than for the LRS, it
remains non negligible and the device can still be observed relative to the surrounding
insulating material. This confirms the presence of conductive filaments under the top
electrode in both cases. It is important to stress that the uniformity of the currentmaps
in Fig. 4.14a is due to the highly conductive electrode, still present at this stage, which
shields all electrical differences and thus prevents the local filament observation. For
the sake of completeness, it is worth mention that the measured C-AFM map on a
fresh cell does not present any current, which indicates the absence of any filaments
shortening the two electrodes before the electro forming step.

Once the state of the memory element has been programmed, the top electrode
can be removed to be able to investigate the buried HfO2 layer with C-AFM. Hence
we have used our material removal procedure using the FDT (diamond-based) tips.
As reported in Chap.3, we slow down the scan speed to (0.4Hz) and increase the load
force on the tip in the GPa regime. Finally, the number of lines acquired is increased
to 512. Under these conditions the AFM performs hundreds of scans on the 5× 5
µm2 cell progressively opening a window into the TiN top electrode (Fig. 4.14b).
With this procedure an extremely precise removal rate in range 1-2nm/hour has been
achieved. The equality of the heights of the de-processed region and of the TiN top
electrode is used as the stopping criterion for the material removal (Fig. 4.14b). Once

http://dx.doi.org/10.1007/978-3-319-39531-9_3
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the interface of interest is reached, we reduce the load force to µN and bias the tip
with a read-out voltage.

One sample for each of the three states: fresh, LRS and HRS has been subjected
to this procedure. First, the pristine cell Fig. 4.14b does not show any leakage current
under a read-out bias voltage (–100mV) in C-AFM. This is expected since the 10nm
HfO2 layer is thick enough to prevent any visible current in this stress regime. Second,
the LRS (set) presents multiple filaments with an observed diameter ranging between
30 and 50nm when “read” at—50mV. The current carried by these conductive paths
is on the order of 1nA. The conduction is fairly homogeneous within the conductive
spot. Finally, in the reset state, many filaments are also present. These filaments,
however, have smaller diameters (5–10nm) and their leakage current is in the pA
range. In other words, while no current ismeasured in the fresh state, a non-negligible
leakage current is detected both in the set and reset cells, which indicates the clear
role of the forming step as a trigger for the filament formation and the fact that even
after a reset operation the material does not return to its initial pre-formed state but
rather to a situation where the conductivity of the filamentary conduction path is
drastically reduced. Note, that after top electrode removal, the spots are randomly
distributed on the exposed HfO2 surface, and afterward, centered in the C-AFM.
These measurements were repeated in four different cells (two in LRS and two in
HRS) showing similar results. It has to bementioned that, due to the reduced electrode
sizes 5× 5 µm2 the C-AFM tip has been used also to form and cycle the MIM
structures with a very limited control on the compliance current. Therefore, the cells
often required multiple electroforming steps, thus it is not surprising the presence
of multiple filaments experimentally observed. Higher accuracy in the electrical
programming is achieved in Chap.5 where we will present the observation in 1T1R
devices.

Top electrode removal for CBRAM—thememory device in this case is a capacitor-
like structure stacked on top of a selector transistor e.g. 1T1R scheme. The memory
cell is built on top of a 100-nm-wide TiN metal line connected to the drain of the
transistor (Fig. 4.15a). The entire stack of the cell is deposited and when the sample is
patterned bymean of electron-beam lithography (e-beam) the final memory structure
is located at the point of intersection between TiN bottom electrode (BE) and the top
electrode (TE). Amorphous Al2O3 3nm is used as switching layer. This is deposited
using a plasma enhanced atomic layer deposition technique (PE-ALD) at 45 ◦C, using
O2 plasma and Tri-Methyl Aluminum (TMA) precursor. To prevent in-diffusion
processes of the Cu species into the Al2O3 we insert 3nm-thick Ti layer before the
20nm Cu electrode acting as cation supplier. Finally, Au (20nm) is deposited on top
of Cu in order to avoid oxidation of the Cu and to provide the contact for the final
device. Note, that after the e-beam patterning the layer of Al2O3 remains only in the
cross-point and its sizes are ≈100× 100 nm2 (inset Fig. 4.15a).

The devices are electrically programmed using a conventional parameter analyzer
(HP4156). Exploiting the selector transistor, the C.C. is kept at 100 µA during form-
ing and set operations. In this regime the memory state can be set and reset many
times showing a stable ≈2–3 order of magnitude resistance window RHRS/RLRS

http://dx.doi.org/10.1007/978-3-319-39531-9_5
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Fig. 4.15 Top electrode removal of CBRAM. aCross-point memory device before the top electrode
removal. In the inset AFM topography is shown (scale bar 100nm). b C-AFM current maps (50mV
bias) are shown for LRS and HRS devices. LRS is characterized by a high leakage current and
both electrodes are clearly visible. While the HRS presents lower leakage and the top electrode is
barely visible indicated reduced conductivity for the CF. In the inset the active area of both devices
is shown without top electrodes (scale 80nm). The CF is clearly visible as a conductive spot for the
LRS case, while in HRS due to the reduced conductivity no clear CF is detected

(as reported elsewhere) [27]. Figure4.15b shows the C-AFM current maps of the
LRS and HRS respectively. Though the top electrode is still present thus inhibiting
the observation of the details of the filament, the state of the cell is clearly visible by
the observed leakage current with higher leakage current in the LRS (4.15b) than for
the HRS case. The values of leakage measured with C-AFM are in agreement with
the resistance values previously reported by the semiconductor parameter analyzer.
The leakage current flowing in both the LRS and HRS is dramatically higher than the
case of fresh device. In fact the top electrode of a pristine cell is completely invisible
in the C-AFM current map (not shown for brevity) because no filaments has formed
i.e. no electrical connection exists between top and bottom electrodes.

In order to remove the 20-nm Au/20-nm Cu/3-nm Ti (top electrode) scalpel SPM
is used. In case of Au and Cu (softer than TiN), few tens of AFM scans are sufficient
to expose the oxide interface. The CF is unambiguously revealed in the LRS figure
inset, after top electrode removal. The CF appears as a highly conductive spot with
diameter ≈30nm, carrying tens of nA (on read-out bias—10mV). Comparing the
HRS and LRS with the top electrodes still present, it is clear that the CF has now a
reduces conductivity. Although, no conductive spots are observed when the electrode
is removed (inset), the dielectric layer has been repeatedly stressed during the cycling
and this can give rise to the increased leakage current compared to the fresh state.
However, the current in the HRS is in the pA range as stressed with 10mV applied
by the C-AFM and this is generally not sufficient to observed by standard C-AFM
(used for this experiment). In the next chapter HRS CFs are investigated using higher
sensitivity for 2D and 3D observation.
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4.4 Summary of the Chapter

In this chapter, conductive atomic force microscopy has been used to investigate the
local nature of resistive switching by using the tip as a movable top electrode. First
the benefits of using C-AFM and the possibility to match device operation using the
nanosized tip have been demonstrated.We have optimized the tip parameters in order
to replicate the device operations and to induce CFs with sub-10nm2 dimensions.
The tip-induced CFs have showed cyclability up to hundreds of cycles with few
µA operative current, providing a good indication for the high scalability of this
memory technology. Cu- and V ..

o -based CFs have been induced at the nanoscale
and visualized. This allowed the study of their dimensions and relate them to their
electrical behaviors. The high spatial confinement ofC-AFMhas enabled the analysis
on scales which are of major interest to study the scaling trends of RS devices
(below 10nm2). We have used analytic fitting of the I–Vs recorded by C-AFM to
clarify the nature of the CF rupture for CBRAM and VCM. In case of Cu-based
CFs we have observed the tendency to form CFs which undergo a physical rupture
on reset with consequent formation of a tunnel barrier, possible to fit only with
a Fowler-Nordheim tunnel model. On the other hand for the filaments of VCM a
quantum point contact conductance model is required for a proper fitting. Indicating
that the reduced number of defects in the CF constriction, can account for all the
observed electrical behaviors within the framework of the QPC conduction also
at very scaled dimensions. Finally, a tip-induced material removal technique has
been exploited for the observation of the filaments (LRS and HRS) in conventional
MIM devices by removal of the top electrode and observation of the CFs. The high
hardness of diamond-based conductive tips has been used to physically remove the
top electrodes MIM devices after setting their memory state. For this purpose, an
high precision top electrodes removal technique with controllable removal rate in
range 0.1–10nm/scan has been developed and successfully applied to TiN, Au, Cu
and Ti. The latter represents the ancestor of our SPM tomography introduced in the
next chapter.
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Chapter 5
Three-Dimensional Filament Observation

5.1 Scalpel SPM for Filament Observation

In the previous chapter, by means of the C-AFM tip we have demonstrated the
possibility to induce the CFs and study them on blanket samples. Although rele-
vant information of the resistive switching mechanisms has been unraveled by this
approach, twomajor limitations have clearly appeared. First, creating CFs on blanket
samples by using the tip for the electrical programming can replicate the device oper-
ation but it will never achieve the precise control offered by the 1T1R configuration.
Second, the scaled tip dimensions, ultra-small contact vibrations and the abundance
of surface adsorbates (at the tip-sample interface) create particular conditions for
the nucleation of the CF. Such may not be present in a real device, therefore the
tip-induced CF formation cannot be completely representative for the CF growth
dynamic inside a standard MIM devices constituted of thousands of nm2 of contact
area.

This indicates that the CF observation in devices represents an important step to
elucidate the physics of RS inside integrated devices. Here, the nucleation and growth
of the CF are based on stochastic processes that occur in a highly confined volume
e.g. few hundreds of nm3 [1–4]. As these CFs are embedded in nanoscaled devices,
their physical characterization is generally further complicated by the presence of
many surrounding layers (conducting and insulating). Theseobstacles havehampered
the observation of CFs in integrated devices with most of the known techniques.
Though the morphology and chemical composition of the conductive filament has
been observed using scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) [5–8], complete observation in three-dimensions of the CF in a
scaled device has been missing for long time. Nevertheless, the full characterization
of the conductive filament in real device would be beneficial for three main reasons.
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1. It would dramatically enhance our understanding of the filament growth dynam-
ics.

2. It would provide more insight to locate the critical interface during filament
cycling, which is essential in device optimization.

3. The information about the shape and size of the CF would clarify the underly-
ing physical mechanisms and contribute to advancing filamentary-based memory
technology toward a reliable mature technology.

At the end of Chap.4, we have removed the top electrodes of MIM devices,
enabling the observation of the CF at the electrode-oxide interface. This has been the
first step towards the usage of C-AFM to probe the CFs’ that were induced using the
1T1R configuration. Although this unambiguously confirmed the filamentary nature
ofRSandprovided insights on the switchingmechanism, the analysiswas still limited
to a two-dimensional (2D) observation,while our results on tip-inducedCF switching
indicate that relevant information about the filament are dependent on its 3D atomic
structure.However,with thework reported at the end of theChap. 3,we have achieved
precise control in tip-induced material removal (for the top electrode removal). The
natural extension of this approach leads to the continued material removal also inside
the oxide containing the CF, to probe the structural evolution of the CF in 3D. In other
words, instead of limiting the observation to the oxide top surface we explore the
possibility to slice through the oxide until the bottom electrode exposure. Oxides are
generally tougher than metals and they show (during tip scraping) reduced material
removal rates. One can stop after top electrode removal, recalibrate the load force
or change the tip, before continuing to collect 2D conductive profiles. The CF is
embedded in the oxide as a local highly conductive region. The collection of 2D
conductive profiles acquired in the oxide at different depths, will reveal the CF
shape in the third dimension. In the following sections of this chapter, starting from
this simple idea we refine our tip-based material removal technique into what we
call scalpel SPM or SPM tomography, for the analysis of ultra-confined volumes
(≈100nm3) and the three-dimensional CF observation.

5.2 Tomographic Observation of Cu-Based Filaments

From Celano, U. et al. Nano letters, 14, 2401, 2014.
For the observation of the CF in CBRAM, the device under investigation is a

Cu/Al2O3/TiN-based memory, integrated in a one-transistor-one-resistor configura-
tion (Fig. 5.1). The device is placed at the cross-point between the bottom and top
electrode (BE and TE). The memory element is based on a 5nm amorphous Al2O3

sandwiched between 10nm TiN (BE) and 40nm Cu (TE), as shown in Fig. 5.1a, b. In
Fig. 5.1a a cross-sectional TEM image clearly shows the integration scheme (1T1R).
The inset of the figure shows the details of the Cu/Al2O3/TiN memory element. The
AFM-topographical image in Fig. 5.1b presents the memory cell (100× 20nm2)
created by electron beam patterning. The BE is directly connected to the drain of

http://dx.doi.org/10.1007/978-3-319-39531-9_4
http://dx.doi.org/10.1007/978-3-319-39531-9_3
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Fig. 5.1 Cross-point integrated CBRAM. a Cross-section TEM image of our device. The inset
shows details of the cross-bar memory element. b Topographical AFM image of the cross-point
area 100× 200nm2. c I–V characteristic of the cell under study

the control transistor which is used to limit the current during the device operations.
As previously introduced, this type of nonvolatile memory device shows attractive
characteristics such as: high ON/OFF resistance ratio (>106), good retention (104 s),
high endurance (>106 cycles) and multilevel capability, similarly to the stacks we
have reported elsewhere [9, 10].

Figure5.1c shows the I–V characteristic of the cell during the electrical program-
ming, prior to the C-AFM tomography. The as-deposited device is normally in the
OFF-state showing high resistance. The pristine cell requires an initial electroform-
ing to activate the device. After electroforming, the formation and rupture of the
CF can be triggered respectively by means of a positive or negative voltage on the
Cu electrode. The Cu electrode is positively biased for the filament formation, and
negatively biased for the filament rupture. In our studies the memory element is pro-
grammed using a semiconductor parameter analyzer. The control transistor delivers
a current compliance of 10µA during all the programming phases. In Fig. 2.5 the
forming voltage is about ≈3.5V and the set and reset voltages are respectively ≈1.5
and −2V. The device was subjected to a few tens of cycles and is then placed in the
AFM system for the scalpel C-AFM.

5.2.1 CBRAM: Low-Resistive-State Observation

As introduced in Chap.4, the presence of the top electrode shields the observation
of the CF by C-AFM (Figs. 4.14a, 4.15b). This layer has to be removed before any
CF observation. Our scalpel SPM concept is based on a slice-and-view approach
where the AFM tip is used also to remove material from the sample surface, in
a very controlled manner. In each planar C-AFM scan, we probe the local varia-
tions in conductivity and partially erode a controlled amount of the sample surface.
Hence in essence, we use the conductive-diamond tip as a scalpel for a controlled
material removal [11] by physical scraping, and as a conductive probe to record the
spatial variations of the tip-sample current. When applied to our programmed mem-

http://dx.doi.org/10.1007/978-3-319-39531-9_2
http://dx.doi.org/10.1007/978-3-319-39531-9_4
http://dx.doi.org/10.1007/978-3-319-39531-9_4
http://dx.doi.org/10.1007/978-3-319-39531-9_4
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ory device, we thus collect 2D current maps of the CF at different depths (Fig. 5.2a).
Finally, (Fig. 5.2b) the 2D images are combined into a 3D representation (tomogram)
by a dedicated software interpolation (MATLAB andAvizo). The C-AFM tomogram
starts after the removal of the top electrode [12]. Once the top electrode is removed
and the Al2O3 surface is exposed, we record the first C-AFM slice of the collection
(Fig. 5.2c1). The CF is now clearly visible as a highly conductive spot in the middle
of the active area, in contrast with the rest of the Al2O3 surface, which is still highly
insulating (red background in Fig. 5.2c). Different slices are collected at constant
load force as in Fig. 5.2c1–7. Using a removal rate of ≈0.5nm/scan the final collec-
tion constitutes 10 slices for the 5nm-thick switching layer. We stop the acquisition
when the switching layer is completely removed and the highly conductive bottom
electrode, e.g. TiN, becomes visible. An analysis of the consecutive images clearly
indicates that in contrast with the first C-AFM slice the last one before the bottom
electrode presents a CF with a much smaller size, indicating the shrinkage of the CF
from the active electrode (Cu) to the inert counter electrode (TiN).

The conical shape, ending at the bottom electrode, becomes very clear from the
3D-representation in Fig. 5.3. In Fig. 5.3b, c the CF shows a shrinkage in the shape
moving from TE to BE i.e. from Cu/oxide-interface to oxide/TiN. The area of the CF
shrinks from ≈493nm2 on the Cu-side down to ≈200nm2 on the side of the inert-
electrode. Themorphology of the CF clearly presents two branches evolving through
the Al2O3 toward the inert-electrode following a conical shape. Of the two branches,
the major one is fully connecting the electrodes, while the small one may be not fully

Fig. 5.2 C-AFM tomography on CBRAM. a Schematic of the C-AFM tomography procedure, the
diamond tip is exploited to collect several slices at different heights of the CF after the removal of
the TE. b Superimposition of the collected 2DC-AFM slices, prior to the 3D interpolation. Note, the
average space between each slice is ≈0.5nm. c Collection of 2D slices (current map) constituting
the dataset for the 3D interpolation (scale bar 80nm). The CF appears in the middle of the active
area after top electrode removal. The highly conductive features on the top-left and bottom-right
corners are the exposed parts of the TiN BE, which is progressively exposed during the removal of
Al2O3
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Fig. 5.3 Cu filament 3D tomogram. a Schematic of the CF position, note the section axes for 3D
observation. b Observation of the reconstructed 3D tomogram for the CF under investigation, in
5nm thick Al2O3. c The low-current contribution in the tomogram is suppressed to enhance the
contrast of the highly conductive features. The inset shows a cross-section of the smaller CF branch.
The animated cross-section of the tomogram is available by clicking here or by scanning the QR
tag

connected. This cannot be detected byC-AFMdue to the presence of a non-negligible
tunneling current flowing through a possible non-connected filament’s branch. The
same effect imposes some limitations in the characterization of the reset (OFF) state
using this technique, as presented later in this chapter. In Fig. 5.3c we subtract all
the low-current contribution in the 3D tomogram in order to show only the highly
conductive features. This is likely representative for the shape of the CF, which is
supposed to be the lower resistive path for the current inside the Al2O3. The animated
cross-section of the tomogram and the shape evolution of the CF are available by the
hyperlink in the figure caption or by scanning the quick response code (QR) next to
the figure with any device equipped with a QR code reader.

5.2.2 CBRAM: High-Resistive-State Observation

For the characterization of the reset state we repeated the SPM tomography on a
device in HRS. To this end, one memory cell has been formed and cycled using
50µA current compliance. A higher operative current is needed in order to induce
a more stable CF and to avoid the formation of weak filaments which could not be
detected by C-AFM owing to the sensitivity of the current amplifier. Prior to the
C-AFM tomography the device undergoes a reset voltage sweep which induces a
high resistance to the memory element (Fig. 5.4a). C-AFM tomography is carried
out at low read-out bias ≈10mV to minimize the impact of the tip-bias on the
analysis. This combined to the higher resistance of the filament in HRS leads to a

https://www.dropbox.com/s/zgg9g0tuz85c8yp/iedm_side_th_corner.mpg?dl=0
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Fig. 5.4 HRS state, 3D tomogram. a Electrical programming of the reset state, under negative
DC voltage sweep. Note, the current is limited to 50µA during forming and set. b Observation of
the reconstructed 3D tomogram for the CF in the OFF state, in 5nm thick Al2O3. Cross section
observation of the gap size is ≈0.5–0.7nm (the low-current contribution is suppressed to enhance
the contrast in the volume rendering)

lower current measured (data scale of Fig. 5.4b). However, during the tip-induced
slicing, the current leakage in the CF shows a gradual recover in proximity of the
inert-electrode interface until the bottom electrode is exposed. The latter once inter-
polated is converted into a small gap between the CF and the bottom electrode. Two
3D interpolations of the 2D slices collected for the device in OFF state are shown
in Fig. 5.4b. The tomographic reconstruction of the CF by volume rendering (red-
fog) and iso-surface at fixed threshold (green-shape) is shown, note the presence of
an unconnected filament between the two electrodes in the case of the OFF state.
Although the irregular geometry of the ruptured CF complicates the quantification
of the gap size, by suppressing the low-current contribution the gap size can be esti-
mated as ≈0.5–0.7nm. The value obtained is in agreement with the results obtained
with the tip-induced gap formation experiment of the previous chapter (Sect. 4.2.1).
Precise modeling of the broken CF and gap size quantification will be treated in
detail in Sect. 5.3.2).

Although the existence of a broken filament for the HRS and previously our
C-AFM reset study (Sect. 4.2) suggest a dissolution of the Cu-filament leading to
a tunnel gap formation this is not the only possible configuration for the HRS. In
Sect. 5.3 we will show that the CF assumes different shapes in the HRS depending
on the original volume of the CF (i.e. LRS resistance). This will unravel the nature
of the multiple reset transitions experimentally observed in real devices, and clarify
the filament rupture physics for the case of CBRAM.

5.2.3 Cu-Filament Growth Model in Low-Mobility Media

Based on the present observations of the CF, the shape observed by scalpel SPM is
opposite to the one predicted for chalcogenide-based ECM cells [3, 13]. The differ-
ence emphasizes the critical role of the cation-transport through the electrolyte and
thus the need for an optimized material-selection when targeting resistive switching.
For chalcogenides, sulphites or ionic-conductors, the cation mobility is much higher

http://dx.doi.org/10.1007/978-3-319-39531-9_4
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as compared to the case of amorphous dielectrics. Therefore, the cations can easily
reach the counter-electrode, where they are reduced thereby initiating the nucle-
ation of the CF. In this scenario the reduction and nucleation of the filament are
the rate-limiting processes for the filament growth, and the CF starts to grow from
the inert-electrode to the active electrode. Such a shape has experimentally been
observed by Sang-Jun Choi et al. in Cu-doped GeTe using TEM [14]. In this case the
CF present a conical shape with the filament constriction close to the active electrode
interface. On the other hand, our 3D tomogram unambiguously reveals that the CF
has the narrow part close to the inert-electrode.

To explain this different shape we suggest that the cation-transport is the rate-
limiting process for the CF formation in our devices [15, 16]. In such condition, the
injected cations get reduced within the electrolyte nearby the injection interface and
start forming the CF from the active anode side. Our observations are in agreement
with TEM observations by Yang et al. [6] in amorphous-silicon and by Liu et al. in
ZrO2 [17]. In those cases we can expect solubility and diffusion coefficients similar
to the case of amorphous-Al2O3. Those works have raised debates in the community
about the possible mechanisms for reversed filament growth [18–20]. Now unified
under the framework of a cation-transport centric theory [21].

To explain our results in more detail we describe the CF filament formation in our
oxide-electrolyte-based CBRAMs as a field-assisted ion transport inside the Al2O3

(Fig. 5.5). Under the effect of positive bias, Cu atoms are ionized and diffuse into the
switching layer, Fig. 5.5a. At the same time the high electric field,≈109 Vm−1, might
generate oxygen vacancies within the Al2O3. These might contribute to electronic
leakage current throughout the electrolyte and also have an impact on the Cu migra-
tion due to the ionic transport along chains of O-sites of the Al-O bonding in the
amorphous matrix [22]. However, given the low cation mobility in the Al2O3, the Cu
cations may only travel a short distance inside the dielectric before they are reduced
by capturing electrons injected in the electrolyte under the high electric field. The
Cu+ are reduced back to Cu near the active electrode and become an extension of it.
The Cu+ ions that are subsequently injectedwill preferentially become reduced at the
end of the already existing filament, as its end constitutes the point with the highest
electric field. Hence the filament growth can be viewed as based on this repetition
of ionization and injection, slow (limited) migration and reduction processes. Under
these assumptions the filament grows from the active electrode e.g. Cu, towards the
inert-electrode consistently with our 3D observations. Note, our C-AFM tomography
does not provide any compositional analysis of the filament, leaving the debate on
its chemical composition still open. The final conductive filament can be constituted
of different conductive species such as Cun+ ions, Cu0 or Al-Cu-O phases. During
the reset operation when an opposite polarity is applied, the rupture of the CF takes
place due to an electrochemical and Joule-heating assisted process, restoring the high
resistance state for the device [23]. It is clear that the CF will rupture at the position
where the current density is the highest. As experimentally observed this point will
be placed in proximity of the TiN bottom electrode.
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Fig. 5.5 Cu-filament growth model. Illustration of the electrochemical processes during resistive
switching. 1 First, the Cu oxidizes and Cu+ ions are injected in the Al2O3. Second, the high electric
field might lead to the formation of oxygen vacancies in the dielectric layers (white balls in the
cartoon). 2 The slow migration of Cu+ ions in the switching layer implies that a reduction reaction
occurs before the Cu+ reaches the inert-electrode. 3 The filament growth continues and the CF
eventually shorts the two electrodes thereby creating the low resistive state. 4 When the bias is
reversed a Joule-heating assisted electrochemical reaction is responsible for the rupture of the CF
in the point of max power dissipation i.e. CF constriction

5.2.4 Filament Volume Modulation and Multibit Capability

The possibility to probe the CF in 3D, allows to further elucidate the relationship
between the programming conditions and the CF volume. The modulation of the
Cu-filament resistance with the programming current has been often reported [24]
and experimentally observed also in our device (Fig. 4.5). This effect is of particular
interest because it can be used to achieve multibit operation by multiple resistance-
state formation [25]. As introduced in Chap.2, the capability of storing multiple
resistance-states in a single memory cell is one of the most important requirements
for non-volatilememory because it can dramatically enhance the data densitywithout
increasing the number of devices. Specifically, in the case of CBRAM, different

http://dx.doi.org/10.1007/978-3-319-39531-9_4
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Fig. 5.6 Filament volume and programming conditions. a Typical reset sweep for three different
programming currents. The resistance of the CF tends to decrease as the programming current is
increased. b Correlation between the resistance value and the physical-volume of the CF as induced
by different programming currents. The values for the CF physical volumes are extracted using the
obtained 3D tomograms

programming currents (Fig. 5.6a) can be utilized to induce multiple resistance-states
and therefore, multiple logical bits [24]. It is commonly assumed that after the CF
formation as long as the voltage is applied the CF radial growth will continue leading
to a larger amount of ion injection into the CF. In order to elucidate the nature of this
multilevel bit capability we study the physical volume of the CFs in relation to the
differences in their resistance as induced by different programming currents. Three
different devices are programmed while limiting the programming current to 10–50–
100µA. The corresponding reset sweeps (Fig. 5.6a) clearly indicate that filaments
with different resistances have been formed. We measured the resistance of the CF’s
after the electrical programming and then performed the C-AFM tomography. From
the obtained 3D tomograms we calculated the physical volume of the CF in the
Al2O3 for each case. The correlation shown in Fig. 5.6b indicates very clearly that
a larger programming current induces a larger physical volume and that the larger
volume leads to a lower resistance value. Hence by controlling the programming
current, the volume of the CF and thus the resistance can be modulated. Based on
our observation, the mechanisms of multi-level switching in our material system can
be explained as follows: during the set process at high current compliance, more Cu
atoms are injected increasing the final volume of the CF. While the operation at low
current compliance results in a reduced metal-ions injection as demonstrated by the
smaller volumes experimentally observed. Known the sizes and shape of the CF we
can calculate the resistivity of the Cu-filaments with a truncated cone approximation
as in the equation:

ρ = R

L
· πR1R2 (5.1)

where R is the resistance, L, R1 and R2 are respectively the length and the two
radius of the truncated cone as in the inset of Fig. 5.6b. Interestingly, all the three
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cases of Fig. 5.6b do not match the actual value of the Cu resistivity (≈1.68 ×
10−8 � · m). The two CFs induced at 50 and 100 µA present values in range ≈10−6

and 10−5 � · m while ≈10−7 is obtained for the CF programmed with 10µA. This
can be explained by the fact that our scalpel SPM provides only a conductivity map,
therefore we don’t know where the Cu atoms are positioned within the observed
volume. In other words, a truncated cone approximation might not be correct and
the conductive volumes observed is likely constituted of a more complex intermix
of Cu, defects-rich Al2O3 and Al-Cu-O inter phases.

5.3 On the Dual Nature of Cu Filament Dissolution

From Celano, U. et al. J. Phys. Chem. Lett., 6, 1919, 2015.
Contrary to theCF’s formation that is an additive process, the filament erase (reset)

is generally considered as the subtraction of conductive metal atoms from the CF
[1, 3, 26]. The latter induces a rearrangement of the filament’s atomic structure and
changes its conductivity [27]. We have previously reported the formation of a tunnel
gap, with our tip-induced filament rupture experiment (Chap.4) and by the 3D obser-
vation of the HRS state in the previous section. Nonetheless, this description doesn’t
fully account for the rich set of phenomena observed during the reset in CBRAM.
The limited understanding of the filament dissolution process, hampers at present the
comprehension of certain undesired sources of variability in these devices. In partic-
ular the state stability, that is, retention, immunity to disturbances, and the resistive
window (RHRS/RLRS) are some of the main features showing substantial variability.
In addition, nearly identical devices often show different reset behaviors such as
demonstrated in Fig. 5.7, clearly suggesting that different mechanisms are operative
concurrently. Those are often observed but not described within a unified theory.
The clear observation of the shape and properties of erased CFs would dramatically
improve the understanding in the reset mechanisms, also enabling the device opti-
mization. In this section we present a three-dimensional (3D) characterization of
the CFs in the reset state. Different reset behaviors are repeatedly induced in scaled
conductive-bridging memory devices and their electrical properties are modeled and
correlated to the experimentally observed (erased)CFs. Figure5.7 shows two current-
voltage (I–V) reset characteristics for similar (but distinct) devices operated at the
same conditions. The device under investigation is again our Cu/Al2O3/TiN-based
cell, integrated in a 1T1R configuration. Thememory element is reported in Fig.5.1b
and is based on 5nm amorphous Al2O3 sandwiched between 10nm TiN and 40nm
Cu, the cell size is 100× 200nm2. Figure5.7 shows the large difference between the
two reset IV characteristics. Although the CF erase starts at similar voltages (Vreset )
≈−0.5V and reaches comparable resistances (HRS) in both devices, the process-
dynamics are dramatically different. The red trace (Fig. 5.7) shows a progressive
decrease in current with concurrent current fluctuations throughout the reset voltage
sweep, whereas the blue trace exhibits a sudden current drop at Vreset . Figure5.7
also shows that despite having reached the same HRS value, the I–V characteristic

http://dx.doi.org/10.1007/978-3-319-39531-9_4
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Fig. 5.7 Progressive versus abrupt reset. Two different reset types are observed in similar devices
operated under the same conditions. The red trace (progressive) shows fluctuations in the current
that progressively evolves to a lower value (HRS). The blue trace (abrupt) shows a steep reduction
of current in correspondence of ≈−0.5V taking the device in the HRS. The final resistive state
induced is comparable for both devices. The forming and set voltages are not shown but they do
not present differences

in the backward sweep (from −2 to 0V) exhibits very different trends for each of
the two observed devices. This part of the I–V characteristic can be considered as
the electrical signature of the stationary CF-state after the dynamic reset transition
and thus representative for the current conduction mechanisms within the “erased”
filament. Specifically we observe that for the abrupt-reset device the backward I–V
can be fitted with a direct tunnel (DT) conduction model (i.e. tunneling across an
insulator gap), whereas for the progressive reset case it follows the I–V behavior of
a quantum-point-contact, i.e. implying that the filament is not completely broken.
[28]. Note, that the appearance of one of the two types of reset is not related to any
clear difference in the forming or set voltages (not shown).

In Fig. 5.8a, we demonstrate that the I–V curve for the abrupt reset case can
be described with an analytical tunneling current description (similar to the one of
Chap.4) [27]. The set of parameters used for the fitting (inset Fig. 5.8a) are exper-
imentally extracted by internal photoemission spectroscopy analysis carried out on
Cu/Al2O3 reference stack [29, 30]. The proposed fit leads to a good agreement in the
cases of abrupt reset, using as unique fitting parameters the thickness of the tunnel
barrier (dox ) and emission area (Aem). In Fig. 5.8b (progressive reset) the I–V curve
can be described using the QPC model which delineates the behavior of a physical
constriction with a current-controlling energy barrier (inset of Fig. 5.8b). This model
already introduced for the dynamic switching events in HfOx -based VCM [31] has
recently been adapted to the case of CBRAM as well [32]. In our model the CF is
described as a region connecting two ion reservoirs where faster ion diffusion/drift
occurs [28]. The proposed QPC-fit finds good agreement in the cases of progressive
reset, using as fitting parameter the geometrical dimensions of the filament constric-
tion. Note that the use of the two models for the two cases is mandatory as we are

http://dx.doi.org/10.1007/978-3-319-39531-9_4
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Fig. 5.8 A model for each reset transition. a The abrupt type can be fitted with a direct tunneling
transport-mechanismwhereas b the progressive reset finds agreements with a quantum point contact
description. c Tomographic reconstruction of the CF by volume rendering (yellow-fog) and iso-
surface at fixed threshold (blue-shape) for the abrupt type of reset as shown in 3D cross-section,
note the presence of a tunneling gap. d Tomographic reconstruction of the CF by volume rendering
of the CF relative to the progressive type of reset as shown in 3D cross-section, note the presence
of a non-broken lowly-conductive filament

unable to fit the I–V curves for the abrupt case with the QPC description and vice
versa with DT for the progressive. Hence, this bimodal behavior suggests that the
reset filaments have two different shapes. First, in the abrupt case the filament looks
like partially disrupted, with electrons being forced to tunnel across an insulating
barrier. Second, in the progressive case the filament is developing a reduced cross
section (partially dissolving) with the electrical characteristics of a QPC.

To confirm these conclusions we investigate the shape of the erased CFs using
C-AFM tomography. Prior to the C-AFM tomography each device is programmed
and cycled for few tens of cycles. The control transistor delivers a current compliance
of 100µA during all the programming phases. After electroforming, the formation
and rupture of the CF can be triggered respectively bymeans of a positive or negative
voltage on the Cu electrode (respectively ≈1.5 and −2V) as shown elsewhere [15].
For the experimental CF observation, we program devices exhibiting the desired
type of reset and we submit them to C-AFM tomography. C-AFM tomography is
always carried out at very low bias ≈10mV to minimize the impact of the tip-bias
on our analysis. The CF becomes visible (in the C-AFM current map) when the Cu
top-electrode is completely removed. Figure5.8c shows the 3D tomogram of the
erased CF for the abrupt transition. The abrupt device exhibits a broken CF with a
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gap of ≈0.4nm. On the contrary, the device showing progressive reset presents a
continuous lowly-conductive CF running through the 5nm-thick switching layer i.e.
a non-broken CF. Figure5.8d shows the 3D tomogram.

5.3.1 A Model for Broken and Nonbroken HRS Filaments

From Celano, U. et al. IEEE IEDM Tech. Dig., 14.1–14.4, 2014.
Although the existence of broken and nonbroken filaments for the HRS suggests

different structural properties for the CFs, they might be viewed as being induced by
the same process. This can be considered as the dissolution of Cu atoms from the
CF, whereby the original shape of the CF controls the distinction between abrupt and
progressive reset. Indeed previously we have demonstrated that the LRS resistance
is related to the volume of the CF which is controlled by the current flowing during
the forming/set operations [15]. This implies that different CFs may have different
volumes [33]. The reset operation starts when the negative polarity is applied at
the Cu electrode. As previously described, the rupture of the CF takes place due to
an electrochemical and Joule-heating assisted process [3, 23, 27]. This is limited
in time and thus in the number of atoms which can be displaced. Starting from a
weak/strong CF (low/high volume at the constriction) it is then not surprising that,
under the assumption of displacing only a limited number ofCu atoms, in one case the
CF completely dissolves at the constriction (leading to the gap formation) whereas
in the other case it merely reduces its dimension creating a QPC-like constriction.
Figure5.9 shows a schematic for the proposed model. Hence, although driven by
the same phenomenon, its impact on the final CF-shape creates a gap behavior or
QPC behavior. On the basis of this reasoning, a relation between the shape/size
of the CF and the reset type is expected. As the size of the CF is reflected in the
value of the LRS, one thus also expects a correlation between the LRS and the reset
type. Such a correlation is clearly present when plotting the statistical distribution of
the LRS values and overlying them with the region characteristic for the reset type
(Fig. 5.10a). In other words, the LRS-resistance of the device, i.e. the CF’s volume,
determines which type of reset will be more favored during filament erase. The latter
is presented in Fig. 5.10a where a clear relationship is found for devices showing
lower RLRS and progressive reset, and conversely for those presenting a higher RLRS

and abrupt reset. Between two CFs in LRS, the filament constituted of fewer Cu
atoms (smaller volumes and higher-RLRS) will have the tendency to reset abruptly
whereas the CF with a lower RLRS (higher Cu volume) will show progressive reset
as shown in Fig. 5.10a. To further confirm the result, Fig. 5.10b, c shows the area
comparison between two LRS CFs as observed after top electrode removal. The
cut orientation of the 2D planes are shown in the inset of Fig. 5.10b, c. Once the
top electrode is removed, at the Cu/Al2O3 interface the CF appears as a conductive
spot. Figure5.10b shows the planar observation of the CF belonging to a device
that has shown progressive reset during cycling, while Fig. 5.10c reports the case
of the abrupt reset. The 2D observations confirm that the area of the CF belonging
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Fig. 5.9 Proposed model for abrupt and progressive reset. a Electric-field driven and thermally
activated hopping of Cu ions induces inweaker CFs the formation of a tunneling gap in the CF.bThe
same process produces a different effect inCFswith high volumewhere the structural rearrangement
of Cu atoms induces the formation of a QPC-like constriction

Fig. 5.10 Filament volume—reset type dependence. a Correlation between RLRS cumulative dis-
tribution of devices showing abrupt or progressive reset. Weaker/stronger CF (i.e. higher/lower
RLRS values), can be clearly linked to abrupt or progressive behaviors. b–c C-AFM planar observa-
tions of the LRS CFs contained in devices exhibiting b progressive reset and c abrupt reset, during
programming cycling

to the progressive reset device (Fig. 5.10b) is almost double (AreaCF ≈850nm2) as
compared with the one of the abrupt reset (AreaCF ≈450nm2), thus supporting a
relationship between filament volume and the type of reset transition.
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5.3.2 A Ruptured Filament Is Not a Conventional Tunnel
Junction

Based on the previous section, the I–V curves presenting abrupt reset should follow a
FNT dependence after the CF rupture. While this appears generally true for the mid-
high bias range of the I–V, it is very common to observe a misfit in the low-voltage
range. Figure. 5.11a shows this effect for a device programmed at 50µA, presenting
abrupt type of reset. The 3D tomogram in the inset of Fig. 5.11a shows the presence

Fig. 5.11 Optimization of the tunnel junction geometry. a Misfit of the FNT mechanism appears
in the low-bias range. b Approximation for the tunneling junction. We estimate the FNT-current as
the sum of three overlapping planes, separated by 0.1nm. The emission area of each plane is the
corona obtained by taking away the area of the front plane e.g. A3,e f f = (A3–A2). The values of
A1,2,3 are experimentally determined from the 3D tomogram. c The apex of the broken filament
is shown using a contour-plot function. The values for A1,2,3 are extracted and used for the curve
fitting of the static state. d The animated cross-section of the tomogram is available by clicking here
or by scanning the QR tag. e The optimized geometry matches the low-bias current more accurately
than the planar approximation

https://www.dropbox.com/s/k385fyf3efx0ook/isocountour_mov.mpg?dl=0
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of an unconnected filament between the two electrodes in the case of the OFF state.
A non-symmetrical geometry of the broken filament is clearly visible, (Fig. 5.4b)
this suggests that a simple parallel-plate model cannot be used to fit the transport in
the HRS. Based on our tomographic observation, we model the remaining CF-shape
(Fig. 5.11b) as a combination of three parallel plate capacitor-rings. We estimate the
FNT-current as the sumof three contributionsweighted for their effective area (A1,2,3)
and oxide thicknesses (d1,2,3) (Fig. 5.11b). Due to the exponential dependence of the
FNT-current with the barrier thickness, the overlapping planes are spaced by 0.1nm
each. Using our 3D tomogram we can exactly estimate the extent of these surfaces
and use them for an optimized curve fitting as shown in Fig. 5.11c. The evolution of
the contour-plot of the emitting junction created by the ruptured CF can be seen using
the QR tag or the hyperlink in the figure caption (Fig. 5.11d). The result using the
optimized tunnel junction geometry is visible in Fig. 5.11e. The optimized geometry
matches the low-bias current more accurately than a simple planar approximation. In
essence, the observed misfit of the FNTmodel at low-bias when modeling the abrupt
reset can be explained by the non-symmetrical geometry of the broken filament
creating a non-planar tunnel junction, which has to be modeled according to the
proper geometry. Finally, this completes the work started in Sect. 4.2.1, where by
studying the tip-induced reset, we could investigate the dynamic gap formation in
the HRS transition.

5.3.3 Hourglass Shaped Cu Filament

The analytical fitting of the I–Vs and the observation of the CF associated to progres-
sive reset (Fig. 5.8d), constitute strong evidence in support of a QPC configuration
for the CF in those cases. However, the reduced conductivity of the (HRS) CF, cou-
pled with the low read-out bias (≈10mV), leads to very small current flowing in
the CF during scalpel SPM. Thus limiting our observation capability and the image
contrast in the 3D tomogram. The result is shown in Fig. 5.8d, where the CF lacks
the sharp definition that we can achieve in case of the LRS. In order to overcome
this limitation and obtain sufficient contrast (in the current maps), we investigate the
LRS of a filament previously showing progressive reset. To this end, a CF showing
progressive reset during its operation is selected for SPM tomography. The device
is programmed for few tens of cycles. The I–V characteristic after reset followed a
QPC conductance model (not shown). As in Sect. 5.2.1, we program the device in
LRS before the scalpel C-AFM. In this case, the LRS guarantees that using a small
read-out bias higher current (≈nA) will flow in the CF. Thus leading to an improved
current sensing of the C-AFM sensor and enhanced 3D observation. Figure5.12
shows the shape of the CF in 3D. Although the wider part of the CF is still positioned
at the top interface, there is no clear conical shape. Compared to the observation of
Fig. 5.3 this CF presents a constriction placed almost in themiddle of theAl2O3 layer.
This can be seen by suppressing the contribution of the lowly conductive regions of

http://dx.doi.org/10.1007/978-3-319-39531-9_4


5.3 On the Dual Nature of Cu Filament Dissolution 131

Fig. 5.12 AQPC-like filament structure.aReconstructed3Dsectional viewof a conductivefilament
(LRS) showing progressive reset during cycling. b All the low-current contribution is suppressed
in the tomogram for the enhanced observation of the QPC constriction also shown in 2D in c. d The
slope of the RLRS–IOP curve is used to estimate the minimum operative current required for the
correct memory operation. As shown for a generic material-system the plot shows a drastic increase
of the slope at low-current (<10µA)

the 3D tomogram in Fig. 5.12b. In other words, the LRS observation of a CF show-
ing progressive reset indicates the presence of an atomic constriction in the filament
shape, with a geometrical transition from a purely conical to an hourglass shaped
CF. Combined to our previous observation of abrupt and progressive CFs, the current
shape explains the failure to achieve a good analytical fitting for such CFs by any
other mechanisms than QPC.

Furthermore, the existence of these two possible configurations of the Cu-
filaments could explain another puzzling behavior experimentally observed i.e. the
nonlinear increase of the LRS-resistance as function of the operative current (IOP ).
When operated at low IOP a drastic increase of the slope of the RLRS–IOP is observed
(Fig. 5.12d). This phenomenon appears independently of the CBRAM material sys-
tem. The level of IOP that triggers the transition will depend on the switching layer
(e.g. density, porosity and ionic mobility). However, in a range from 1 to 10µA
the transition in the slope appears concurrently with a transition in the type of the
reset characteristics in the I–V (from progressive to abrupt). This has important
implications on the minimum operative current for the memory device which is
ultimately controlled by the mobility of the cation species in the switching layer.
Resulting in good low-current (<10µA) functionality for switching layer having a
large Cu mobility, while increased switching variability, for the high current oper-
ation (>10µA) due to the uncontrolled Cu injection. The opposite is observed for
reduced Cu mobility switching layers.
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Our results indicate that the transition is the electrical fingerprint of the transition
between a conical tapered and aQPC-like CF shape. In other words, the change in the
slope of the RLRS–IOP plot (Fig. 5.12d) represents the value of current compliance at
which the amount of Cu atoms injected in the electrolyte will likely induce conical
tapered filaments instead of a QPC-like. The first type of CF shape will tend to break
during reset and create a tunnel barrier while the second one will only undergo a
size modulation at the CF constriction. This value will be specific for each material
system. It has beenobserved in variousCBRAMdevices [32] and it is likely appearing
in all the CBRAM switching system as it is related to the CF formation mechanisms.

5.4 Tomographic Filament Observation in VCM

In Chap.2, resistive switching in VCM has been introduced as a reversible (soft)
dielectric breakdown, associated with the generation andmigration of oxygen vacan-
cies (V ..

O ) through a field-assisted thermally activated hopping [1, 34, 35]. The local
valence change in the atomic lattice of the oxide causes a resistance change in a con-
fined region (CF) that can be used to encode the bit of information. This process is
based on a common property of insulators which explains why RS has been reported
in a huge list of insulting material systems. As shown in the literature review on CF
observation (Chap. 2), in spite of its importance, the CF observation is not only ham-
pered by the small filament size, but also by the minimal compositional difference of
the CFwith the surrounding material. In this section, scalpel SPMmethodologies are
used to investigate the nature of resistance switching in oxide VCMs. Consistently
with the rest of this work, we investigate the effect of RS in HfO2.

In hafnia, the CF is assumed to be a highly confined sub-stoichiometric HfOx

volume located in the oxide. The lateral dimensions of the CF (<10nm) have been
also inferred by means of ab initio calculations [36].While in situ TEM has led to the
observation of cation-migration (e.g. Cu or Ag ions) as responsible for the filament
formation in conductive bridging memories [21] and to Magnéli phase as switching
mechanism in unipolar switching [8], to date, far less has been reported for devices
based on the bipolar switching mechanism. Miao et al. [37] and Park et al. [38] have
reported using in situ TEM the observation of sub-10nm conductive channels linked
to the local migration of oxygen vacancies in bipolar Ta2O5−x /TaO2−x structures.
But TEM is still a projection technique (averaging over the TEM-lamella), and an
exhaustive three-dimensional observation of the CF in scaled bipolar devices is still
missing. Here we report the first three-dimensional observation of the conductive
filament in oxide-based scaled bipolar VCMdevices. The device under study is based
on a bilayer structure Hf (10nm)/HfO2 (amorphous, 5nm) sandwiched between the
Ru and TiN metal electrodes (Fig. 5.13a, b). The choice of Ru is functional to the
tip-induced material removal due to the extreme hardness of TiN. Ru as top electrode
does not affect any electrical property of the cell since it is only used to provide an
ohmic contact with the Hf (capping) layer. The bilayer approach is based on the idea
that the concentration of V ..

o in pure HfO2 is not sufficient to give any ‘ionotronic’

http://dx.doi.org/10.1007/978-3-319-39531-9_2
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(ionic + electronic) behavior. We therefore intentionally insert a 10-nm Hf metal
layer in order to induce at the interface, a sub-stoichiometric HfOx layer [39]. This
interlayer increases the V ..

o concentration and acts as a reservoir for mobile defects
(oxygen vacancies) during the device operation (Chap. 2, QPC model—Sect. 2.3.3).
The electrical switching characteristic is illustrated in Fig. 5.13c. After an initial
electroforming process, the device shows a bipolar resistive-switching behaviorswith
two stable states i.e. high-resistance (HRS) and a low-resistance (LRS). The change
in resistance can be triggered as in Fig. 5.13c using+/−1V. During cycling we limit
the maximum current through the device at 50µA in order to avoid the breakdown
of the oxide and and to limit the degradation. This is achieved by connecting the
(TiN) bottom electrode of the memory element to the drain of a selector transistor.
The electrical operation of the device can be described through an analytical model
based on conduction through a quantum point contact (QPC), in which the CF is
described as a sub-stoichiometric HfOx region where faster ion drift-diffusion occurs
(Sect. 2.3.3) [28, 31]. In essence, the initial electroforming imposes the structure to
the CF as in Fig. 5.13d, e and the successive transitions between LRS and HRS are
determined by changes in the number of V ..

o at the constriction. The I–V fitting of
one of the device under investigation is reported in Fig. 5.13f.

Fig. 5.13 Structure of the HfO2/Hf memory element and resistive switching characteristic. a Scan-
ning electron microscopy image of a 50-nm crossbar device. b High-resolution TEM image of the
Ru/Hf/HfO2/TiN structure, the switching layer appears brighter due to the relatively lower con-
centration of Hf metal. c Bipolar resistive switching characteristic of a 50-nm memory cell. The
electroforming process is shown in the inset. d–e Schematic and cross-section representation of the
conductive filament created during the electroforming and its constriction. f The memory element
shows very good fitting using our hour glass model using ≈100 particle in the constriction for the
LRS and ≈25 particles for the HRS

http://dx.doi.org/10.1007/978-3-319-39531-9_2
http://dx.doi.org/10.1007/978-3-319-39531-9_2
http://dx.doi.org/10.1007/978-3-319-39531-9_2
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Fig. 5.14 C-AFM tomography procedure for VCM. a The diamond tip is used to collect several
slices at different heights of the CF after the removal of the Ru and of the Hf layers. b Stacked
representation of 2D C-AFM slices, prior to the 3D interpolation. Note, the average space between
each slice is 0.2nm. The slices are aligned to correct any possible drift. c Top view of selected
2D slices throughout the device (scale bar 20nm). The CF appears in the middle of the active area
after top electrode removal. The highly conductive features on the top and bottom corners are the
exposed parts of the TiN electrode, which is completely exposed during the removal of HfO2

Due to the interaction of the CF with oxygen, the SPM tomography experiments
are performed in high vacuum (≈10−5 mbar) in order to minimize the possible reox-
idation of the CF (Fig. 5.14a). Prior to the C-AFM tomography we electrically cycle
the device as shown in Fig. 5.14b. After a few tens of cycles we set the memory
element in its LRS. The C-AFM tomography starts after the removal of the top elec-
trode. Once the Ru top electrode is removed the tip probes the Hf metal layer which
still shows a uniform conduction. When the HfO2 surface is reached (Fig. 5.14c1),
the CF becomes visible as a conductive spot in the middle of the HfO2 surface
which is still highly insulating (blue background in Fig. 5.14c). Note, no conductive
spots are observed in the virgin (not electroformed) state of the device (not shown).
Different slices are collected at constant load force (several-hundreds of nN) as in
Fig. 5.14c. The bias between tip and sample is kept at ≈100mV positive polarity to
tip. Compared to the Cu-filament case, this value is higher due to the limited conduc-
tivity of the CF. In particular the conductivity drop of the CF is concurrent with the
top electrode removal indicating an undesired interaction of the CF with available
oxygen also working in high vacuum. Using a removal rate of ≈0.2nm/scan, the
final collection constitutes 25 slices for the 5nm thick switching layer. The acquisi-
tion is ended when the switching layer is completely removed (or too thin) and the
highly conductive bottom electrode becomes visible (Fig. 5.14c9). The analysis of
the consecutive images clearly indicates that the CF shrinks moving from the top
to the bottom interface (Fig. 5.14c1–c9). The evolution of the 2D slices indicate the
presence of a constriction in the proximity of the bottom electrode and therefore
opposite to the location of the V ..

o -reservoir (Hf/HfO2 interface).
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The area of the observed CF shrinks from 38.9nm2 to 7.8nm2 as shown in
Fig. 5.14c3–7. According to our model the 7.8nm2 constriction is the region where
the spatial confinement of defects creates the QPC and the current is controlled by the
corresponding current-controlling energy levels. The current observation shows that
in a device of ≈50× 70nm2, the filament occupies less than 7× 7 nm2 area. Similar
CF-dimensions are observed consistently in other devices (programmed under the
same conditions). These observations suggest that such VCM devices can be further
scaled in the sub-10nm regime [40, 41]. A 3D-reconstructured view of the analyzed
volume is shown in Fig. 5.15a. A top view of the CF (surrounded by the bottom-
electrode) is provided in Fig. 5.15a whereas Fig. 5.15b is a 2D zoom into the region
containing the CF. The tomogram (Fig. 5.15c) emphasizes the spatial distribution of
the highly conductive features by subtracting all low-current contributions. Hence
this is representative for the shape of the CF which is the lower resistive path for the
current inside the HfO2. The conical shape, shrinking from top to bottom electrode,
becomes clear from the 3D-representation of the CF. The 3D tomogram unambigu-

Fig. 5.15 Three-dimensional observation of the CF in oxide VCM. a Tomographic reconstruction
of the crossbar memory cell visualized by volume rendering after top electrode removal (scan size
800× 200 nm). b 2D zoom into the region containing the CF and observation by volume rendering
and iso-surface at fixed threshold (blue shape) for the CF under investigation in 5nm thick HfO2
(scale bar 2nm). The conductive filament is shown in double cross-section (axes according to inset).
The low current contribution in the tomogram is suppressed to enhance the contrast of the highly
conductive features. c 2D observation of the CF section-planes (left panels) and C-AFM spectra
(right panels) to determine effective CF size. The animated cross-section of the filament top-view
is available by clicking here or by scanning the QR tag

https://www.dropbox.com/s/60pugfb5c8hwmz3/CF_evolution_OXVCM.mpg?dl=0
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ously reveals that the CF has the narrow part close to the bottom electrode (oxygen-
inert electrode). The volume of the truncated cone that approximates the CF region
is ≈200nm3. The area of the CF (top to bottom) shrinks by ≈60% in sizes as shown
in Fig. 5.15c. The V ..

o -reservoir, deliberately induced by means of the Hf metal depo-
sition, appears as the wider part of the CF (at the top-interface) and locally provides
an exchange-layer for defects to sustain the successive CF rearrangements which is
at the base of the CF’s resistive changes [9, 42]. Our observation indicates that the
switching mechanism in bipolar oxide-based VCM relies on the formation/cycling
of a local conductive region (filament) created during the electroforming process
(in the HfO2) between the Hf and the TiN electrodes. On each subsequent memory
cycle the number of V ..

o will be reshuffled at the constriction of the CF inducing the
resistance change and flipping the bit-state. Cross-section movies of the tomogram
are available using the QR tag in Fig. 5.15 or following the hyperlink in caption.

5.4.1 Filament Size Modulation in VCM

Due to the massive usage as gate dielectric in MOSFETs, HfO2 has allowed an easy
manifacturability enabling ultra scaled device integration for VCM. Govoreanu et al.
[40] demonstrated a 10× 10nm device (Fig. 5.16a), and other reports have shown
sub-1X nm functionality for these devices [43, 44]. Remarkably, those devices show
functionality also at relatively high operative current (200 µA as in Fig. 5.16b) leav-
ing open the question on the CF’s size at these conditions. However, the impossibility
to induce low resistive filaments using a sharpAFM tip observed in Chap.4, indicates
the existence of a minimum spatial dimension required by the CF to achieve those
low resistance states.

In this section, we use C-AFM tomography to tackle this open question.
Figure5.16a shows a crossbarmemory element formedat the intersectionbetween the
two 20-nm-wide bottom and top electrodes. The lateral oxidation of the Hf layer con-
tribute to the cell size reduction to≈10nm.The cell shows standard low-voltage oper-
ation (<1V) and good functionality while using high current compliance (200µA),
more details on the cell performance are available in literature [45, 46]. We pro-
gram and cycle a standard device, Hf (10nm)/HfO2 (60× 100nm cell) sandwiched
between the Ru and TiNmetal electrodes. In this case using 200µA as programming
current, the cell is programmed in LRS before C-AFM tomography (Fig. 5.16b).
A 2D C-AFM slice showing the CF constriction is presented in Fig. 5.16c. A 3D-
tomogram of the conductivity variations within the sample is obtained by interpo-
lation. The images indicate the presence of a conductive filament running through
the oxide layer with a non-regular conical geometry. Consistently with the previous
observations, the CF shows a constriction in proximity of the TiN interface (O-inert
electrode). In agreement with the CF observed in the previous section (50µA C.C.),
the presence of the oxygen exchange layer (Hf) induces a widening of the conductive
area of the CF at the Hf/HfO2. The cross-section of the obtained 3D-tomogram is
shown in Fig. 5.16c, d. The spatial extent of the CF, Fig. 5.16d, shows that for a device

http://dx.doi.org/10.1007/978-3-319-39531-9_4
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Fig. 5.16 Filament size in high current operation. a TEM image of the 10× 10nm device pro-
posed by Govoreanu and co-authors [reproduced from [40]]. b I–V characteristic at 200µA current
compliance of the 100nm2 device. c Section-plane (C-AFM current map) showing the effective CF
size in proximity of the constriction (close to the TiN electrode). d Volume rendering of the CF in
the (5nm thick HfO2). Section and detailed observation of the QPC constriction, by low-current
suppression in the 3D tomogram. e Zoom in of the section-plane holding the CF constriction. A
schematic of 10× 10nm electrode is reported, in addition a 3× 3 virtual electrode is sketched to
illustrate the tip-induced virtual top electrode size

of≈60× 100nm2, the filament occupies≈10× 10nm2 at the Hf/HfO2 interface and
≈6.2× 6.2nm2 area near the TiN- electrode. Due to its crucial role, the CF constric-
tion represents the limiting factor for the required dimensions. The observed sizes of
≈38.9nm2, demonstrate that although wider than the 50µA case, such constriction
could easily be contained in a 10× 10nm device, which explains why VCM pro-
vides device functionality at high current also in very low dimensions and suggests
additional scaling capability. Despite the 200µA operation, the CF occupies only
a small fraction the entire device area, this is schematically reported in Fig. 5.16e.
Although smaller than the 10× 10nm2 the spot is too large to be contained in the
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3× 3nm2 virtual top electrode created by the AFM tip (Fig. 5.16e). This provides a
direct observation of the scaling limitation for high current RS inHfO2 to≈5× 5nm2

device size. Furthermore it clarifies why only the AFM tips with large contact size
(e.g. tip radius) could induce lowly resistive CFs (Chap.4).

QPCconstriction and sizemodulation—Aswedid for theCu-filaments, the depen-
dence with the programming current of the CF volume can now be investigated also
in VCM. We control the current in our device through the control-transistor and
program cells at 50 and 250µA respectively. Figure5.17a shows their correspond-
ing I–V reset characteristic with the programming condition in the inset. The current
compliancemodulation is known to induce aCF resistancemodulation as observed in
Fig. 5.17a [47]. We compare two current levels 50 and 250µA. In this case, we com-
pare the experimentally observed constriction sizes. The results in Fig. 5.17b show an
increasing trend in the sizes of theCF (at its narrowest cross-section point) as function
of the programming current. The higher constriction area would allow more defects
determining the observed lower CF resistance achieved with high current operations

Fig. 5.17 Conductive filament dependence on the programming current. a Reset characteristic of
cells programmed using different operating current, the induced CF resistance is inversely propor-
tional to the operating current. bDependence of the experimentally observed QPC constriction size
as function of the programming current. In the inset two reference constriction points for each of
the used programming conditions are shown. c Comparison between experimentally observed CFs’
sizes at the top electrode interface, for cation- versus anion-based devices. In the inset we show the
schematic of the final shape difference induced by the different switching mechanisms in CBRAM
and VCM (more conical vs. more elongated)

http://dx.doi.org/10.1007/978-3-319-39531-9_4
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(Fig. 5.13d, e). This supports that the CF’s resistance would be determined by the
number of defects and thus the size of the narrowest point of the CF. In other words,
the number of defects in the CF can be related to the programming conditions, pro-
viding experimental evidences that the CF behaves as a defect modulated quantum
point contact.

In the comparison between the CF observation for CBRAM and VCM, we report
the unexpected difference in the spot sizes of Cu- and V ..

o -based filaments. The sizes
of the experimentally observed CFs with comparable resistive states and induced at
similar programming conditions are shown are Fig. 5.17c. The area of the filament
cross-section is measured respectively at the Hf/HfO2 and Cu/Al2O3 interface for
VCM and CBRAM. A surprising 10x difference is observed. The unexpected result
of Fig. 5.17c underlines a fundamental difference in the physics of the filament for-
mation for cation- versus anion-based devices. It can be thought as the fingerprint
of the two different filament growth mechanisms. While the Cu-filament grows as a
result of the injection and migration of a foreign species into the solid electrolyte, the
V ..
o -filament is the result of the formation of intrinsic defects within the oxide layer

connecting the defects reservoir (i.e. oxygen scavenged interface) with the bottom
electrode. The filament formation in CBRAM, combines the dielectric degradation
(due to the high electric field) with the insertion of a foreign species (Cu). The
poor mobility of the Cu ions in the Al2O3, leads to the formation of a wide-base
conical shape as previously observed [6, 15]. Conversely in VCM, the CF formation
arises from the generation of defects in the bulk of the oxide. This process happens
according to the percolation theory [48] for dielectric-breakdown. Here, the oxygen
atoms start to leave their lattice position and drift toward the anode leaving behind a
local conductive path that joins the sub-stoichiometric V ..

o reservoir with the bottom
electrode (Fig. 5.15b). Thus limiting the lateral growth of the CF in the VCM case
versus the CBRAM as schematically shown in the inset of Fig. 5.17c.

5.5 Summary of the Chapter

In summary, in this chapter we have presented the direct three-dimensional obser-
vation of CFs in state-of-the-art RS devices. This has been enabled by our scalpel
SPM methodology. The observation of a cone-shaped Cu-filament in the LRS of
CBRAM has been important to determine the cation migration as rate limiting step
in the CF formation. In addition the dependence of the CF volume with the program-
ming conditions enabled the understanding of the resistance modulation achieved
by the current compliance limitation. Afterwards, we have studied the HRS of CFs
in conductive-bridging devices. Through C-AFM tomography we have been able to
image on the nanoscale the morphology of erased CFs. The results show two types
of reset transitions: abrupt and progressive whereby broken CFs are observed in
devices showing abrupt reset, and nonbroken (highly resistive) CFs are observed in
the case of progressive reset. Themorphological classification is accompanied by the
electrical model based on an analytical fitting of the I–V characteristics, which sup-
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ports the description of erased CFs as either a tunnel-barrier or a quantum-point-
contact. Our findings suggest that although driven by the same phenomenon, the
final shape after the dissolution can be a fully broken CF or a constrained CF. The
existence of both shapes can be explained within one dissolution theory whether
the starting point (i.e. the original size of the CF) determines the final shape. In the
case of oxide VCM, the CF shows a conical shape with the narrow part close to the
oxygen-inert electrode (TiN). The direct observation of the CF induced at high cur-
rent compliance, could clarify the remarkable functionality of 10× 10nm2 devices
operated at high current. In addition, the 3D visualization of a 50µAfilament demon-
strated strong scaling potential for this technology in the sub-10nm2 domain. Also in
this case experimental evidences of the size modulation of the filament constriction
as function of the programming current provided understanding of the nature of the
CF as a defects modulated quantum-point-contact.
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Chapter 6
Reliability Threats in CBRAM

6.1 Reliability Threats of Cu Filaments

For emerging devices, the reliability is one of the major obstacle in the process of
optimization and commercialization. Although RS devices have already been in-
troduced in some commercial niches, few studies have addressed the topic of the
filament evolution during device operation and the related reliability issues. This is
likely due to the inherently difficulties in the direct observation of the CFs in inte-
grated cells. However, there is a lot to learn by studying how things break. This is
especially true for an emerging technology such as RS memory, where the informa-
tion on the failures translates in understanding of the underlying physical processes.
It is clear that filamentary switching is inherently prone to variability due to the
discrete nature of the defects constituting the CF. Structural modifications in the CF
trigger changes in the CF resistance affecting the resistive window (RW) and the
“1” – “0” read margins in the memory applications. In Chap.4, by the characteriza-
tion of the tip-induced filament rupture, we have shown the set and reset variability
as originating from changes in the filament conductivity in consecutive formations.
In addition, different tunnel gap thicknesses could be observed for the same CF on
subsequent cycles. The latter has been recently confirmed by Lv and co-authors by
means of TEM [1]. While few studies are available on the direct observation of the
filament compositional changes and are generally achieved bymeans of TEM,[2] the
electrical fluctuations induced by the filament’s structural modifications have been
extensively studied by random telegraph noise (RTN) analysis [3–6].

Our scalpel SPMmethodology provides a privilegedmethodology for the analysis
of the filament structure in failed devices. One can think to induce a specific type of
failure in a device prior to submit it to scalpel SPM. In this chapter we have used this
approach to investigate two common failure modes in CBRAM. Figure6.1a shows
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Fig. 6.1 Reliability threats in CBRAM. aResistance state fluctuations observed in consecutive reset
traces of CBRAM. Note, the multiple LRS and reset transitions observed suggest that different CFs
are alternating. b Resistive window collapse on pulse endurance test, with the CF degenerating into
a nonrecoverable LRS (i.e. stuck in LRS)

some reset events in CBRAM (set transitions not shown). Those are subsequent reset
cycles occurring in the same device. It is worth noting that for some cycles the LRS
state shows the same resistance level and reset transition (CF1). After few cycles it
evolves into another LRS resistance (CF2) that also shows a different type of reset
transition (Sect. 5.3). The appearance of different resistive states combined to the dif-
ferent reset transitions, suggests the existence of multiple CFs alternating throughout
the device operations. Although not immediately obvious in the commonly accepted
theory, we demonstrate for the first time in the following section that the existence
of multiple CFs is responsible for the drift of the resistance state in such cases. As a
second failure mode, the structural change of a CF responsible for the collapse of the
resistive window (RW) is characterized. This type of failure is often referred to as
stuck in low resistive state (stuck in LRS) Fig. 6.1b. This failure affects the endurance
of the device reducing the number of possible switching cycles and therefore the de-
vice lifetime. A gradual decrease of the HRS is responsible for a gradual closure of
the RW. This is a very common source of failure for both CBRAM and VCM. As for
the observations in Chap. 5, all the devices in the following sections are programmed
by a semiconductor parameter analyzer using the 1T1R configuration, and finally
SPM tomography is used only to probe the CF in 3D.

6.2 Filament Multiplicity as Source of State Instability

From Celano, U. et al., IEEE Intern. Reliability Physics Symposium, 2015.
Due to the structural rearrangements of the atoms constituting the CF, fluctuations

around the HRS and LRS values are expected from cycle-to-cycle as experimentally
observed (Fig. 2.6b).We also know fromChap.4 that larger fluctuations are expected
for the HRS as compared to the LRS due to the variable tunnel gap induced in

http://dx.doi.org/10.1007/978-3-319-39531-9_5
http://dx.doi.org/10.1007/978-3-319-39531-9_5
http://dx.doi.org/10.1007/978-3-319-39531-9_2
http://dx.doi.org/10.1007/978-3-319-39531-9_4
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the ruptured CF. However, any resistance state fluctuation is detrimental because it
will ultimately reduce the read margins when reading the memory. As example, in
Fig. 6.1a some consecutive resistive cycles are reported. The sequence of the reset
characteristics presents the LRS values as clustered in two resistance levels (CF1,2).
Despite programming the CBRAM cell with the same electrical conditions, the CF
shows for few cycles a stable LRS≈30 k�with abrupt reset transitions. Afterwards,
the CF evolves towards a different resistance state ≈20 k� (LRS) for a few more
cycles and the reset transition becomes progressive. From the standpoint of the device
operation this is a source of undesired variability. The changes in theLRSare reflected
also in the HRS and thus on the entire RWof thememory element leading to potential
corruption of the stored data.

In this case, it is hard to believe that small structural rearrangements of the atoms
in the filament can account for the observed variations including those in the reset
transitions. The observed variability suggests that multiple CFs might alternate in
controlling the LRS/HRS states. However, it is widely accepted that the filament
formation is a winner-takes-all procedure, where after the first formation all the
subsequent cycleswill occur at the same location. This is also supported by our results
in Chap.5. Therefore we select a device showing this specific electrical behavior
(during cycling), and we use C-AFM tomography to study the morphology of the
CF. The device is left in the LRS before applying the scalpel C-AFM. Figure6.2a
shows the set of C-AFM current maps, recorded in the cross-point memory element.
The presence of the top electrode (TE) shields the observation of the CF. Using C-
AFM tomography we remove the TE and collect C-AFM images of the conductive
filament at different depths, leading to a complete sampling of the solid electrolyte
volume [7]. The evolution of the current maps from the presence of the top electrode
to the exposure of the bottom electrode is shown in Fig. 6.2a. The process leads to a
uniformsequential removal (step-size below1nm)of the 5nmAl2O3.TheCFappears
in the top-right corner of the active area (dashed white square in Fig. 6.2a) visible
after the top electrode removal. Figure6.2a1–4 show some of the slices acquired at
different depths within the switching layer (Al2O3). Interestingly, the CF appears as
constituted of two spots that are closely located. Of the two spots, the one on the
left has a strong size reduction in Fig. 6.2a1–4, while the other one runs through the
entire Al2O3. A 3D-tomogram of the sample is obtained by interpolation and shown
in Fig. 6.2b. Two cross-section images are extracted from themain 3D tomogram, the
lowly conductive regions are suppressed in Fig. 6.2b in order to enhance the contrast
of the CFs. In Sect. 6.1 both filaments are visible and one of the two (left) is only
partially formed. Section6.2 shows the 3D cross-section of the connected filament
clearly shorting the two electrodes. Though theCF inSect. 6.2 is only fully connected,
the presence of the second filament represents a potential reliability threat.

Indeed, the electrochemistry describing the filament formation does not exclude
the possibility of multiple attempts of filaments-formation and the nucleation of
multiple filaments has been often reported by means of TEM [8, 9]. In principle,
one would expect that the CF that undergoes a complete formation (i.e. shorting
the two electrodes in LRS), dominates the subsequent cycles and becomes the only
one responsible for the resistive switching. As such, also the variability would be

http://dx.doi.org/10.1007/978-3-319-39531-9_5
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Fig. 6.2 Multiple filaments by scalpel SPM.a 2Dcurrentmaps of the device under test (programmed
at 100 µA C.C.). The complete evolution from the presence of the top electrode to the exposure of
the bottom electrode is presented (scale bar 25nm). b The 3D tomogram is interpolated and two
cross-section images are extracted. Of the two spots observed after to electrode removal, only one
is fully connected while a second CF is not completely formed. The animated cross-section of the
tomogram is available by clicking here or by scanning the QR tag

limited. This description can be true for large (planar) structures, [8] but it is not
longer verified at reduced dimensions. In fact when the solid electrolyte is only few
nm thick, there is a real risk of resistance variability due to the effect schematically
presented in Figure6.3. In presence of two competing CFs, one needs to realize
that the filament that was completely formed (CF1), undergoes continuous structural
rearrangements during the reset process. On each reset event the gap induced will
have a certain thickness d1. While the partially formed CF will be separated from the
bottom electrode by a gap thickness d2. In the next formation CF1 will be favored
for the formation only if d1 < d2. This condition is not always satisfied, especially
considering millions of cycles. In fact, the reset transition is a thermal-assisted chem-
ically activated process related to the energy dissipated in the reset i.e. it requires a
formed CF and thus a current flow to occur. An originally incomplete filament (CF2)
is less sensitive to the reset process (as minimal current will flow through it). With
continuous reset taking place on CF1, CF2 can then evolve into the favored CF for the
set formation as the distance between CF2 and the BE becomes lower than the one

https://www.dropbox.com/s/bfg4cdnyqyza73k/fil100uA_cross_hires.mpg?dl=0
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Fig. 6.3 Filament multiplicity model. Proposed model for the two-filaments instability. During
the forming process, CF1 and CF2 attempted to grow in the Al2O3. Finally, CF1 connects and its
morphology (filament’s atomic structure) changes during cycles. Due to the structural changes in
the CF1 driven by the subsequent reset on the 3rd cycle CF2 becomes the favored CF for the next
formation leading to a resistance state variability associated with the potential fluctuation between
the two CFs

of (the reset) CF1. Figure6.3 schematically show this effect over three consecutive
cycles, of which the third shows a change in the LRS level. For cycles 1st and 2nd
the rupture of the CF does not change the role of CF1 which is formed again on the
subsequent set-step (this is also associated with a relatively similar RLRS ≈ 20 k�,
during the ON-state). On the 3rd cycle the reset is taking place at higher Vreset ≈–1,4
V and it involves more power leading to a more pronounced reset of CF1. This results
in a favored situation for CF2 to complete its formation on the next set-transition,
that will show a new LRS value and potentially a different type of reset transition.
This type of reliability threat is more pronounced in case of thin switching layer and
prolonged endurance cycling. In fact, the CF formation is a self accelerated process
due to the concentration of the E field lines on the CF which is more rapidly growing
towards the bottom electrode. This leads to a large space between the CF connected
and the others in case of a thick switching layer as also reported by TEM [8]. The
space dramatically reduces for integrated devices and in combination to million of
cycles the mechanism modeled in Fig. 6.3 can become relevant.

6.3 Stuck in LRS: A Cu Filament Degeneracy

Endurance failures are considered amajor concern for anyRS device, as they degrade
the resistive window and reduce the device lifetime [2, 10]. Generally the endurance
depends on many factors such as amplitude of the pulse, switching speed, read-out
conditions and temperature [11]. One common type of endurance failure is the stuck
in LRS often referred to as stuck-set. In this case the HRS resistance tends to decrease
during the cycles until it reaches the same value of the LRS thus closing the RW
(Fig. 6.1b). This is often referred as a RW collapse. In this section we provide some
understanding on this failure and its physical mechanism by selecting a device stuck
in LRS and using C-AFM tomography to study the morphology of the CF. To this
end we select a cell and program it with 100 µA C.C. until it does not show a stuck
in LRS failure. Afterwards we use C-AFM tomography to study the morphology
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Fig. 6.4 Stuck in LRS filament observation. a 2D current maps of the device under test. Note after
top electrode removal the CF appears as a large conductive platelet (scale bar 50nm). b From the
3D tomogram it is possible to observe how the conductive filament degenerated into a continuous
conductive wall. The latter shorts bottom and top electrodes and runs through the entire switching
layer as shown in the sectional view. The animated cross-section of the tomogram is available by
clicking here or by scanning the QR tag

of the CF. In our case the programming is done using DC cycles and not pulses.
Figure6.4a shows the dataset of C-AFM current maps, recorded in the cross-point
memory element.

It is immediately evident that the CF is no longer a conductive spot occupying a
fraction of the active electrode. The CF now appears as a long conductive platelet
that runs through the entire device. This degenerated CF extends to almost the entire
lateral dimension of the device (cell size 200× 200 nm2). By observing the shape
evolution of theCFwithin the oxide, three spots are visible in proximity of the bottom
electrode (Fig. 6.4a). The 3D tomogram (Fig. 6.4b) suggests that the CF is constituted
of three branches that havemerged into a long and unrecoverable conductive platelet.
The extension of this platelet is≈150nmand the three spots have an equivalent radius
≈12nm. It is clear that in this configuration the reset of the CF is impossible due
to the absence of a single filament constriction or a localized point for the CF to
break. In Figure6.5 we schematically describe a possible scenario for such filament
degeneration. From the previous section we know that multiple CFs formation is not

https://www.dropbox.com/s/bbg06lid01irdhf/Mov_failure.mpg?dl=0
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Fig. 6.5 Stuck in LRS model. RW collapse and schematic for the observation of Cu-platelet forma-
tion in stuck LRS device. Three original CFs join together inducing the failure. This can be related
to an over injection of Cu coupled to a sideways diffusion during cycling

excluded and that during a prolonged cycling those CFs could alternate as connected
CF. At the same time, the role of mechanical stress on ion migration has been often
reported in CBRAM. Ambrogio et al. [12] have shown that compressive and tensile
stress can appear in different regions of the solid electrolyte after filament formation.
Compressive stress appears in proximity of the inert electrode, while tensile stress
is observed close to the active electrode. At the same time, mechanical stress locally
impacts the ion hopping resulting in a possible favored direction for the ionmigration.
In our case of in Fig. 6.5, the Cu platelet formation may be attributed to a thermal-
activated diffusion of copper during repeated switching cycles. Due to the presence
of multiple CFs, mechanical stress will be present into the electrolyte. As a possible
result the ionmigration will take place on a preferential direction due to local minima
for Cu hopping as in the inset of Fig. 6.5. This combined to the prolonged cycling
and other effects such as ions diffusion and electromigration can contribute to the
size-degeneration of the CF and thus to the formation of a continuous Cu wall that
does not allow any possible reset as schematically presented in Fig. 6.5.

6.4 Summary of the Chapter

In this chapter we have investigated the structural rearrangements of the CF induced
by repeated cycling in CBRAM. Though the atomic structure of the CFwas expected
to undergo morphological changes due to the continuous movement of Cu atoms,
the reality has shown a more fascinating scenario in which unexpected effects have
appeared. Based on the observations of this chapter we can greatly enrich the range
of physical mechanisms behind the resistance state variability and more in general
of device failure in CBRAM. The observation of a multiplicity in filament branches
could trigger the fluctuations in the LRS inducing the observed clustering in LRS
values. This is particularly harmful at reduced dimensions of the solid electrolyte.
Moreover, the presence of two/more competing CFs can explain the possibility for
the same device to alternate abrupt and progressive reset transitions and potentially
different HRS levels. The alternation of more filaments in a competing mechanism
for the LRS formation, is identified as an undesired source of variability in memory
cells leading to a serious reliability threat. The main impact of these phenomena
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would be on the RW and the state stability. Similarly, for the case of stuck in LRS
cell, the degeneracy of the CF due to Cu over injection is identified as a source of
failure. An unrecoverable long conductive platelet is observed in the stuck in LRS
device leading to the closure of the RW and the endurance failure. Also in that case
the multiplicity of CF has probably been the root cause for the failure. Provided
that the CF multiplicity is one of the causes of the observed variability in integrated
devices, we expect that this can be reduced by aggressive scaling of the device (less
room for twoCFs to nucleate). Alternatively, a field-enhanced filament formation can
mitigate the problem. This could be achieved for example by a cell design employing
a tip-shaped electrode. However, the main conclusion is that a higher control of the
resistive state can be achieved in case of a single CF operating in the device.
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Chapter 7
Conclusions and Outlook

Science never solves a problem without creating ten more
—George Bernard Shaw

A broad study on the physical mechanisms of filamentary-based resistive switching
has been presented. Filamentary-based resistive switches represent an intriguing
emerging class of electronic devices, with potential applications in future memory
and logic. Based on ions migration and solid state electrochemical reactions at the
nanoscale, their study is an exiting challenge for the scientific community. Relying
on a wide range of experimental results, we have clarified the formation and rupture
mechanisms of Cu- and V ..

o -based filaments. Fundamental studies using C-AFM
have been combined to the results of integrated devices in order to transfer the
understanding from a purely physical to a functional-applicative framework. Finally,
this PhDwork has proposed a novel three-dimensional analysismethodology (scalpel
SPM) that has allowed for the first time the 3D observation of the CFs in state-of-the-
art devices. This approach, that extends SPM for the analysis of confined volumes,
employs a pioneering combination of sub-nm tip-induced material removal with
contact-mode AFM techniques. A general comparison on CBRAM and VCM is
combined with conclusions, challenges and potential future works in this closing
chapter.

7.1 Filaments Formation and Dissolution

This dissertation has focused on the physical mechanisms and metrology of fila-
mentary resistive switching. In order to understand how the filaments’ growth and
dissolution occur we have developed an experimental study using C-AFM whose
outcome can be summarized as follow:
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TheAFM tip has been used as a virtual electrode on thin (3nm) oxide blanket sam-
ples. Switching functionality has been successfully demonstrated on Hf/HfO2/tip-
and Cu/Al2O3/tip-structures. This has enabled the study of RS on blanket samples
constituting of two or three layers in total. Different C-AFM conductive tips were
investigated in order to gain insight on the role of the tip in RS. By tuning the tip
parameters (e.g. tip radius and tip resistance) we have matched the device operation
with the tip-induced switching (on blanket samples). The latter has been achieved
for high and low programing current (5–200 µA) by tuning either tip resistance and
tip radius. The tip-induced CFs have shown cyclability up to hundreds of cycles.
We have developed a dedicated evaluation method to estimate the effective electri-
cal contact size of the C-AFM tip. Values below 10nm2 are consistently observed,
thereby confirming the strong scaling potential of RS in the sub-10nm2 cell dimen-
sions. This is attributed to the formation of filaments of reduced size and increased
RLRS resistance as experimentally induced and observed with C-AFM (Chap. 4). In
fact, filaments with diameter of a few nanometers have been consistently formed,
dissolved and observed. Moreover device data, C-AFM and analytic I–V fitting have
been combined. By using the high spatial confinement of the AFM tip, conductivity
and shape of the induced filaments have been experimentally related to the structural
rearrangements occurring from cycle-to-cycle in the CF. On consecutive formations,
the CFs presented similar sizes and different conductivity, thereby indicating the
crucial role of the portion of the CF buried inside the solid electrolyte. Aiming to
relate the understanding gained on blanket samples to the integrated devices, we
have successfully developed a tip-induced material removal technique to access the
switching layer in a MIM devices. This approach is sometimes referred to as cell
de-process, and uses a diamond tip to physically erodematerial by scanning the AFM
tip at high load force. This methodology has allowed to physically scrape material
with removal rates in range 0.1–10nm/scan and has been successfully applied to TiN,
Au, Cu and Ti. These results increase the understanding required for the integration
of this technology for high density storage applications.

CBRAM versus VCM—whenever possible, the list of experiments reported in this
dissertation have been applied to both CBRAM and VCM enabling a direct compar-
ison. Cu- and V ..

o -based filaments show scaling potential in the sub-10nm2 dimen-
sions as their RS functionality has been demonstrated and imagedwithC-AFM.After
the formation of the filaments we have consistently observed spot sizes <100nm2

(Sect. 4.1.5). However, the filament resistance was generally high (≈M�) and thus
showing on a reduced CF stability. Cu-filaments show a better stability as compared
to the V ..

o -based. In fact, we could observe the evolution of the CFs as function of
time for CBRAMbut not for VCM,whose CFs turn into poorly conductive as soon as
the C-AFM tip is removed from the point contact (Fig. 4.8). Despite the differences
between the standard MIM and AFM-induced operations, our observations indicate
an improved stability for the CF in CBRAM. This can ultimately confer to this tech-
nology higher tolerance to a simple integration scheme as compared to the VCM
devices that requires a strong oxygen passivation and care for potential etch-induced
cell damages.

http://dx.doi.org/10.1007/978-3-319-39531-9_4
http://dx.doi.org/10.1007/978-3-319-39531-9_4
http://dx.doi.org/10.1007/978-3-319-39531-9_4
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Leveraging the nanoscaled contact provided by the tip, we have studied the ultra-
scaled reset phenomena. The analytical fitting of tip-induced I–V characteristics
provided insight on the reset mechanisms (for both Hf/HfO2 and Cu/Al2O3). The
formation of a tunnel gap (≈0.9nm) after the reset of Cu/Al2O3/tip-structure has
been consistently observed. Whereas the reset in the Hf/HfO2/tip-structure has been
successfully described by the modulation of a reduced amount of defects (<20) in a
quantum-point-contact. These results indicate that although both classes of RS events
are based on ion hopping, in CBRAM the ions build a CF inside the empty space
available in the solid electrolyte and therefore at reset the oxide still presents a tunnel
barrier in correspondence of the filament withdrawal. While in VCM, a percolative
path is build by a local valance change in the oxide (at forming) and this will only
partially recover during reset leaving behind a defected HfO2.

Using our tip-induced material approach we have removed the top electrodes
of CBRAM and VCM capacitor structures. By exposing the buried oxide in the
MIM devices, we have observed highly conductive spots in the case of LRS devices
while reduced conductivity is observed for the HRS in both technologies. Although
this unambiguously confirmed the filamentary nature of RS and provided a link
between our tip-induced experiments and CFs in capacitor structures, the analysis
was still limited to a two-dimensional (2D) observation.Moreover, due to the reduced
dimensions of the top electrodes in the VCM case (5 × 5 µm2), the C-AFM had to
be used also for the electrical programming of the cells. The latter did not allowed
the application of any current compliance during forming and cycling, making clear
the need for a more controlled programming of the CFs prior to the C-AFM analysis.

7.1.1 Challenges with Tip-Induced Analysis

Although the C-AFM has demonstrated a remarkable flexibility in the analysis of
RS on blanket samples, some limitations to this approach have clearly appeared.

The tip as electrode—The sharpness of the tip apex induces a strong electric
field confinement coupled with a radial distribution of the field lines. The latter
is responsible for an increase in the electroforming voltage required when using C-
AFM. In some cases, the electroforming voltage reaches unacceptable values for the
film integrity. This is due to tip-induced surface modifications that appear for the
extremely high current densities involved. As a consequence, oxide thicknesses over
3nm are generally difficult to be switchedwithout degrading the surfacemorphology.

C-AFM electrical characterization limitations—The current design of commer-
cially available tools show severe limitations for the electrical analysis. The appli-
cation of pulsed signals or voltage constant stress are not allowed. Furthermore, the
dynamic range of traditional sensors (Chap. 3) is limited to few µA. In some cases,
more flexibility would be required for the biasing scheme of tip and sample. For
example, it would be important to decouple the tip motion and sample biasing in
order to achieve a stable tip-sample configuration during the electrical characteri-

http://dx.doi.org/10.1007/978-3-319-39531-9_3
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zation. For certain applications it would be relevant to program a series of voltage
ramps to apply in sequence. For most of these features one needs to apply custom
solutions indicating some room for improvement in the present tool design.

Filament nucleation nonidealities—Since the tip acts as a movable electrode, the
CF nucleates on the same tip that is used to scan the surface. Due to the extreme
sensitivity of the CFs to possible adsorbed contaminants such as moisture, surface
roughness and residual OH− groups (acting as counter charges), the tip-induced CFs
are generally unstable and their conductivity tends to decrease with time (Chap.4).
This creates a problem with the CF stability and therefore for the observation. Inde-
pendently from the analysis conditions (air, nitrogen or high vacuum)we have consis-
tently observed this effect that represents an important differencebetween tip-induced
and CFs induced in cells with fixed electrodes.

Tip position stability—Although the modern piezo crystals employed in AFMs can
guarantee ≈Å precision when held steady in point contact, small sub-nm tip dis-
placements during the point-contact voltage ramp could be detrimental for a precise
sensing. We have calibrated the electrical contact area under our measuring condi-
tions (Chap. 3) and obtained a value in range of few nanometers squared. In other
words, if one is interested to induce locally hundreds of switching cycles with the
AFM tip, the tip will likely experience a slight lateral drift from the nominal point
of contact. This could determine a possible loss of contact with the CF. In addition,
for some AFM systems the repeated voltage ramps require a continuous tip contact
withdrawal, this will certainly affect the next tip approach leading to drifts in the
tip positioning. Such type of issues have to be taken into account when considering
tip-induced switching stability.

7.2 Filaments 3D Observation

Aiming to characterize the CF in 3D, we have refined our tip-based material removal
technique to achieve the 3D analysis of confined volumes. By applying high pressure
on the cantilever sub-nm control in the material removal is successfully achieved. In
essence, we collect 2D conductive profiles of the sample at different heights and we
interpolate them for the 3D observation. This has extended successfully SPM into the
quantitative characterization of confined volumes in ≈100nm3 range. Furthermore,
this method (scalpel SPM) can be applied to a fully fabricated device in a reverse
engineering fashion and therefore it can be used in a large variety of applications and
device geometry.

Based on scalpel SPM we could investigate for the first time in three-dimensions
the CF in state-of-the-art CBRAM and VCM devices. The LRS and HRS states have
been successfully investigated for devices that have been electrically programmed
using the 1T1R configuration. The observation of the CF shape has been important
to clarify the nature of the rate limiting processes in the CF growth. The dependence

http://dx.doi.org/10.1007/978-3-319-39531-9_4
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of CF morphology with the programming current has been used to investigate the
nature of the switching mechanisms and the multibit capability for each technology.

By leveraging our scalpel SPM for the single device analysis, we have investigated
two major failures of CBRAM. Resistance state variability due to the filament mul-
tiplicity and the stuck in LRS have been directly investigated. We have identified the
presence of multiple CFs as a major source of instability and failures. In fact, during
the electroforming multiple CFs can attempt to form. This is admitted by the theory
and often experimentally observed. While this effect does not represent a problem in
large structures with thick switching layers, it has a severe impact on devices based
on thin oxides. When more CFs attempt to form, there is a nonzero probability that
different CFs will become favored for the formation over millions of cycles. This
parasitic formation leads to the resistance state instabilities and degradation of the
memory read margins (Chap.6). In some cases, the degeneracy of the same effect
can lead to a catastrophic failure of the device if during cycling multiple CFs cause
an over injection of Cu ions and thus an unrecoverable LRS.

CBRAM versus VCM—the observation of a conical shape for the Cu-filament
in LRS has been important to determine the cations migration as the rate limiting
process during the filament formation. While the size dependence of the Cu-filament
with the programming current has related the volume of Cu to the filament resistance
(for applications such as multilevel bit storage). The observation of broken and non-
broken filaments in the HRS of CBRAM allowed us to explain the observed dual
nature of the reset transition. The latter has been supported by the analytical fitting
of the I–V characteristics describing the erased filament as either a tunnel-barrier or
a quantum-point-contact. We were able to model broken and non-broken filaments
based on Cu-volume considerations for both cases. The existence of the two filament
shapes (tunnel barrier versus QPC) can now be explained within one dissolution
theory whether the starting point (i.e. the original size of the CF and its volume)
would determine the final shape. In fact, if few ions will constitute the CF due to a
limited ion mobility in the switching layer, the tendency will be toward abrupt type
of reset. While in case of fast ion mobility in the solid electrolyte the induced CFs
show the QPC behavior as they will be likely constituted of more atoms. This also
implies that one can think to induce one or the other reset transitions in a device by
modulation of the ion mobility in the solid electrolyte.

The direct observation of the filament in the oxide-based VCM has shown a
conical shape with the narrow part close to the oxygen inert electrode (TiN). This
indicates that the Hf capping layer is actively providing a defect reservoir to the
CF formed in the HfO2. Interestingly, although formed at 200µA we could observe
CFs with diameter of a few nanometers. However, we have consistently observed
a dependence of the CF constriction size with the programming current. The latter
provides a strong experimental evidence that the CF in this material system behaves
like a defects modulated quantum-point-contact.

The volume of the filaments is smaller for VCM as compared to the Cu-filaments,
as result of two distinctive filament formation processes. In fact, while inCBRAM the
hamperedmigration ofCu ions induces awide-base conical shape for theCF, inVCM

http://dx.doi.org/10.1007/978-3-319-39531-9_6
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the generation of V ..
o in the HfO2 as an intrinsic defect of the oxide is preliminary

to join the defects reservoir with the counter electrode therefore limiting the lateral
growth of the CF. This is supported by our observations of VCM filaments induced
at different programming current (Fig. 5.17). However, despite the differences in the
CFs’ volume, our observations indicate that both technologies can be scaled below
10nm2. Indeed in both cases the limiting factor for the resistive switching is the
filament’s constriction, that has been consistently found smaller than 10 × 10nm2.

7.2.1 Challenges in the Three-Dimensional Observation

Scalpel SPM has enabled for the first time the direct three-dimensional observation
of the CFs in scaled RS devices. However, some limitations have appeared using this
approach and can be summarized as follow:

SPM tomography is destructive—Being based on the collection of multiple 2D
slices of the sample at different heights, scalpel SPM is a destructive technique. After
the analysis a crater of the same size of the scan area is formed. The major limitation
is the impossibility to observed dynamic transitions, e.g. repeated switching events
inside the same device by means of this approach.

Tip degradation due to the electrode removal—One of the main advantages of
using scalpel SPM for the filament observation lies in the possibility of a controlled
electrical programmingwhich is assigned to the 1T1R configuration using a semicon-
ductor parameter analyzer. However, after the electrical programing the top electrode
has to be removed. This is generally a metal layer thick few tens of nanometers and
has to be removed by the tip-induced pressure assisted mechanical material removal
(similar to the rest of the slicing). To limit the tip degradation, in this phase the load
force applied to the cantilever is kept moderate (few hundreds of nN) which often
leads to a long time for the removal of the top electrode. In some cases this problem
can be avoided by changing the top electrode material, as we did by replacing TiN
with Ru in VCM (Chap.5). However, this represents a current limitation for our
scalpel SPM leading to a time consuming operation.

Limited yield in scalpel SPM—Being based on a tip-induced pressure-assisted
material removal, scalpel SPM requires an accurate selection of the load force for
the material removal. Since every tip-sample combination will require a slightly dif-
ferent amount of load force for a progressive material removal, it is very common
to overestimate the load force and destroy the sample during the slicing phase. Fur-
thermore, as the tip will apply the same pressure in each point on the scan area, in
case of anisotropies such as roughness or voids in the material, the exerted pressure
can be too high and thus destroy the layer during the slicing. For this reason in the
current design our scalpel SPM has a poor yield often requiring multiple attempts
for a successful characterization.

http://dx.doi.org/10.1007/978-3-319-39531-9_5
http://dx.doi.org/10.1007/978-3-319-39531-9_5
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7.3 Outlook

To date, it can be said that the switching mechanisms in both VCM and CBRAM
are fairly well understood. With the present work and many other studies also the
direct observation of the conductive filament has been extensively treated. Great
progresses have been achieved in the device performance (Chap. 2) and a complete
3D observation of the CFs is now available. However, there is still ample room
for investigation with C-AFM in this field, as many interesting questions are still
pending:

What is the smallest achievable RS device?

Concerning the switching process it would be important to explore the ultimate scal-
ing limit of RS as physical mechanism. Not only in terms of lateral dimensions
but also from the standpoint of the minimum oxide volume required for a working
device. C-AFM has contributed to answer the question on lateral dimensions and
could contribute also in the case of minimum oxide thickness requirements. A pos-
sible experiment could be designed by controlling the material removal on a blanket
HfO2 thin film. Using our tip-induced material removal method a staircase structure
could be fabricated with sub-nm steps (Fig. 7.1a). By this design, one could locally
investigate the RS as function of the oxide thickness to clarify the appearance of
threshold switching (Chap. 4) or the transition of RS into tunneling current when the
device sizes reach their ultimate scaling. This approach would allow to investigate
devices constituted of ≈5–10nm3 of total volume, which are currently unaccessible
dimensions for the lithographic technology. Figure7.1a shows a schematic of the
aforementioned experiment.

What is the electrical interaction filament-apex and electrode?

Now that the shape and size of the CFs are known, it would be important to study the
electrical interaction between the weakest part of the CFs (i.e. constriction) and the
electrodes. Of particular interest would be the analysis of the narrowest part of the
CF as this is the venue of important modifications when the device operates. C-AFM
represents a potential solution to this typeofmeasurement, byusing a constant voltage
measurements after the tip-induced CF formation. A tip-based random telegraph
noise (RTN) study could be considered to understand better the types of interactions
that occur in the CF during formation, read-out and reset. By placing the tip directly
on top of the CF and then in its close proximity RTN signals could potentially reveal
more about the electrical fingerprint of the CF. The same type of study could be
applied in a pre-electroformed stage to understand the defects generation on at the
nanoscale using the C-AFM tip to identify the types of traps actively contributing
in the CF formation. C-AFM can effectively enhance the analysis by limiting any
foreground noise generally presents in larger cells. Figure7.1b shows a schematic of
the aforementioned experiment.

http://dx.doi.org/10.1007/978-3-319-39531-9_2
http://dx.doi.org/10.1007/978-3-319-39531-9_4
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Fig. 7.1 Future works. a C-AFM in combination with the controlled material removal could
allow the sampling of virtual devices below 10nm3, to understand the ultimate scaling poten-
tial of RS. b The study of RTN during and after filament formation with C-AFM could
allow a deep understanding of the interactions between the CF-apex and the electrodes.
c Two potential applications of scalpel SPM for memory devices in the field of VMCO and 3D
NAND

What happens in a stuck-in-HRS failure event?

As previously introduced commercial applications require a full understanding of
failures and of the device reliability. It is generally accepted that the stuck in LRS
failure is due to the hard breakdown of the switching layer. While less is known abut
the opposite type of failure. It would be possible by scalpel SPM to study in 3D the
CFs of stuck in HRS devices for CBRAM and VCMs.

Where else scalpel SPM would be applicable?

The possibilities enabled by scalpel SPM are manifold as it can be applied in the
fundamental studies on material characterization up to reverse engineering. Remain-
ing in the field of solid state memory, two immediate applications which can follow
this PhDwork are for the vacancies modulated conductive oxide VCM (VMCO) and
for 3D NAND as in Fig. 7.1c. VMCO is an alternative to filamentary based RS and
it is based on the area-scalable resistive switching (though to be) triggered by the
collective motion of V ..

o s in certain material systems. To date, there is no direct obser-
vation of the switching mechanisms and scalpel SPM could be applied for (1) the
direct observation of the areal switching effect. (2) The 3D analysis of the conductive
oxide would clarify if VMCO is based on bulk or surface effects. And (3) relate the
programming conditions to the change in the conductivity of the conductive oxide.
The other potential test bench of scalpel SPM is 3D NAND, this is the replacement
of the planar Flash technology. It relies on a vertical channel transistor, created with a
gate-last fabrication approach. The latter introduces a lot of defects and nonidealities
in the conductive properties of the vertical channel. The conduction properties inside
the channel could be investigated more in detail using scalpel SPM. In particular by
studying the transport into the channel in 3D while changing the bias to the vertical
gate would provide a deep understanding on the conduction during the programming
operations and thus direct the future device engineering.
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7.3.1 Improving Scalpel SPM

The present implementation of SPM tomography is based on the usage of a commer-
cial SPM-system by means of a single in-house fabricated diamond tip. The latter
is currently used for the material removal as well as for the probing. This imposes
severe limitations to our current approach:

• To limit the tip wear during scalpel one must limit the load forces which leads to
slow removal rates and long analysis times.

• Being confined to one single (diamond) tip prevent the usage of functionalized
tips limiting other applications, such as magnetic coatings for magnetic force
microscopy (MFM) to study magnetic memory or spin-based devices.

• Physical contact between tip and sample is required to remove material implying
that we are restricted to contact-based AFM modes. Non-contact or intermittent
modes e.g. tapping or peak-force are not possible although theywould allowMFM,
PFTUNA or KPFM, thus broadening the range of observable material properties.

These limitations could be overcome through the design of a dedicated scalpel SPM
system. Three potential future designs are proposed in Fig. 7.2. A dual head AFM
system with one tip for material removal and one tip for sensing (Fig. 7.2a). The
decoupling between the scalpel and sensing function could dramatically improve the
tomographic performance, reduce the measurement time and increase the range of
applications of our technique.Compared to the existingSPMtomography, the novelty
in this new design is the use of a movable stage operating with nm-scale precision
for the sample movement thus allowing an alternation between the eroding and the
sensing AFM scans (Fig. 7.1a). The first tip removes the material using our current

Fig. 7.2 Scalpel SPM three possible future designs. a Dual tip approach based on a movable stage,
to alternatively position the sample under a removal tip (diamond) and a sensing tip. b Dual tip
approach based on a fixed stage and two movable AFM heads. The two tips are alternated onto the
sample surface for a coordinated removal and sensing. c Using a dry etching chamber, a compact
AFM system could be use for probing at different stage of the etching process to achieve a 3D
tomography using a dry etch for the material removal
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approach, while the second tip could use any desired AFMmodes. This combination
allows to probe the sample faster at ever increasing depths (Fig. 7.1a). The technical
challenge is that the stage that moves the sample between the two AFM heads has
to provide a motion precision in the order of nanometers over centimeters distances.
This could be accomplished by a combination of accurate motor-driven positioning
and corrective software algorithms (drift correction algorithm) leading to an accurate
sample positioning between the two phases. Note, that by using a two head approach,
the acquired AFM profiles of the sensing tip can provide a wide range of material
properties e.g. resistance, conductivity, hardness, adhesion, magnetic and surface
potential. Another possibility to enable the same result is reported in Fig. 7.2b. Here
the sample is maintained in a fixed position while two AFM heads are alternatively
placed onto the analysis area. The latter can be achieved by positioning the AFM
heads on two rotational joints which can be automated to alternatively be raised and
loweredon the same scan area. In this configuration theAFMdedicated to thematerial
removal could be implemented by an ultra-flat piezo-actuated scanner that allows
only contact AFM but reduces the overall design complexity. The second AFM head
could be based on a standard 4-quadrant photodiode design. Alternatively, another
possibility is to achieve the nm-precise material removal without the tip-induced
approach, in this case multiple scenarios are possible and some have been already
explored (diamond blades or wet etching). Here we report an original solution still
unexplored, represented by the combination of an AFM into a dry etch chamber
Fig. 7.2c. Both plasma and reactive ion etching have demonstrated to be selective,
uniform and operating with reduced etch rate (below 10nm). The AFM scans could
be alternated by dry etch in order to achieve the slice-and-view method. One can
even imagine to use a RF biasing scheme on the tip to create directional electric
fields and achieve a tip isolation during bombardment to avoid tip degradation due
to the ion bombardment. Each of the three proposals allows the 3D mapping of
the samples in an elegant slice-and-view solution. The 3D data analysis of confined
volumes (below 100nm3) is widely accepted as one of the main area of development
for semiconductor R&D in the coming 10 years. As such the implementation of an
automated scalpel SPM system will have a strong impact on the semiconductors
industry and potentially in many more fields.



Appendix A
Cellulose Nanopaper Memory

A.1 Cellulose for Memory Applications

Cellulose nanofibers are mainly produced from the plants, and therefore the high
availability of cellulose in nature makes the cost of this material remarkably inex-
pensive. The applications for nanopaper go from roll-to-roll fabrication up to pro-
duction of flexible electronic for displays, solar cells, OLED, flexible and wearable
electronics [3, 4]. Paper-based electronics is an emerging and interesting new re-
search area. In this appendix we describe the fabrication of a memory device based
on the CBRAM operative principles using cellulose. The paper-based memory can-
didate requires remarkable performances and simple fabrication process. Due to its
simple fabrication, the CBRAM architecture can be used also for the paper-based
memory devices. We believe that CNF is an attractive material for the following
major reasons: (1) it is abundantly available in nature and therefore low cost. (2) It
is biodegradable because it is extracted from plants. (3) It shows attractive proper-
ties such as foldability, transparency and flexibility. (4) It shows excellent prospects
of scalability as we demonstrate with resistive switching using a single cellulose
nanofiber. In this appendix, we first demonstrate, the usage of cellulose nanofibers as
a functional material for nonvolatile Si-based resistive switching devices. Next, we
fabricate a cost effective and environmental friendly memory device starting from
a transparent CNF sheet. The memory device shows high resistance ON/OFF ratio
(>106), good retention and multilevel capability. Finally, by means of Peak Force
TUNA (PF-TUNA) we investigate at the nanoscale the mechanical and electrical
properties of single cellulose nanofibers. We fabricate the MIM structure constituted
of Ag/Cellulose nanopaper/Pt as in Fig.A.1a.We deposited 100nm Pt filmwith 5nm
Ti adhesion layer on a Si-substrate to serve as bottom electrode. The nanopaper is
deposited by dropcasting technique to act as switching layer of thickness 50nm [5].
Finally 100-nm thick Ag top electrodes are deposited and patterned by means of a
metal mask. FigureA.1b shows the surface of the nanopaper layer before top elec-
trode deposition. Inside the nanopaper, tiny nanofibrils smaller than 4nm combine
into bundles 15–20 nmof nanofibers [1]. These cellulose bundles composed of longer
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molecules, are laterally stabilized by hydrogen bonds forming crystalline domains
[6]. This inner structure provides to the CNF paper good mechanical strength, not
flexibility, heat transfer properties and low thermal expansion coefficient [6]. The
fibers-like structure of the nanopaper can be seen in the atomic force microscopy
image (Fig.A.1c). The elastic modulus is reported in Fig.A.1d where the bright re-
gions represent stiffer areas in the whole sample surface. FigureA.1a presents the
current-voltage (I–V) curves for a 100× 100µm2 cell measured in air at room tem-
perature. The measurement is conducted by a dc voltage sweep mode where the bias
is applied to the top electrode (Ag) while the bottom electrode (Pt) is grounded. Dur-
ing the operation the internal current compliance of the semiconductor parameter
analyzer is kept at 1 mA. All devices show clear bipolar switching memory charac-
teristics, associated with the memristive hysteresis. Pristine Ag/CNF/Pt-cell shows
an initial low resistance state, which suggests an in diffusion of Ag during deposi-
tion. A sudden decrease in current is observed during the negative sweep indicating
the recovery of the high resistive state (HRS). Afterwards the device can be cycled
between HRS and low resistive state (LRS) as shown in Fig.A.1a. The increase in
current during positive sweep indicates that the resistance changes into LRS. The
LRS is kept until the negative voltage is applied. During the negative voltage sweep,
the resistance state goes back into high resistive state (HRS) at ≈−0.2V. To evaluate
the nonvolatility, the retention property is characterized under a readout voltage of 0,
1V. A significant OFF/ON ratio as large as≈104, with stable retention is reported for
our Ag/CNF/Pt devices as shown in Fig.A.1b. In Fig.A.1c we report the endurance
for 60 continuous cycles (Fig.A.2).
Next we take advantage of the mechanical properties of the cellulose nanopaper to
replace the Si-substrate in our devices. Thus the nanopaper has a twofold use: first,
it is used as a transparent substrate. Second, it is used as a solid electrolyte for the
nonvolatile resistive switching. FigureA.3a shows the 30µm thick nanopaper used
as substrate. The surface morphology of the CNF-sheet shows similar properties as
compared to the material deposited by drop-casting technique (inset Fig.A.3a). The
root mean square (RMS) of the surface roughness is ≈20nm for a 10µm2 which
ensures the use as substrate. The device structure of the memory cell, is presented
in the inset of Fig.A.3c. Noteworthy on the volume basis, 99.3% of our device is

Fig. A.1 A cellulose-based CBRAM. a Schematic of the device structure. Cellulose nanopaper is
used as switching layer.bSEMimageof the cellulose nanopaper after deposition. cAFMtopography
and d elastic modulus of the cellulose nanopaper after deposition
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Fig. A.2 Cellulose-memory electrical characterization. a Typical I–V curves for a 100× 100µm2

Ag/CNF/Pt device. The bias is applied in voltage sweep mode. 1mA current compliance is imposed
to the device for positive sweep to prevent the electrical breakdown of the cell. b Retention char-
acteristic for HRS and LRS under readout voltage of 0.1V. In the inset endurance characteristic of
60 consecutive cycles

Fig. A.3 Cellulose-on-cellulose memory. a Specimen of CNF paper, used as substrate with a
thickness of≈30µm. In the inset the AFM image of the surface. bOptical image of device structure
after fabrication. cVolume calculation of cellulose content in our device. d Total light transmittance
of CNF substrate before (red line) and after (blue line) ITO/CNF deposition. In the inset device
structure of CNF-based memory cell
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composed of CNF. Conductive 100nm-thick indium tin oxide (ITO), is deposited on
CNF substrate as bottom electrode. A second layer of CNF ≈100nm is deposited
onto the ITO and used as switching layer. Finally, 100-nm thick Ag top electrodes
are deposited and patterned by mean of metal mask. The optical image of the final
Ag/CNF/ITO-cell is shown in Fig.A.3b. In Fig.A.3d we compare the optical trans-
parency of the nanopaper before and after ITO/CNF deposition. In Fig.A.3d the total
transmittance of the nanopaper is measured in 200–800nm wavelength range. The
transmittance of the device within the visible range is >60%, and the influence of
ITO and CNF on transmittance is rather small. The measured value is ≈80% at a
wavelength of 590nm [1]. FigureA.4a presents the current-voltage (I–V) curves for
a 100× 100µm2 cell measured in air at room temperature. The measurement is con-
ducted by a dc voltage sweep mode whereby the bias is applied to the top electrode
(Ag) while the bottom electrode (ITO) is grounded. Contrary to the Si-based device,
pristine Ag/CNF/ITO-cell shows an initial high resistance state. As commonly ob-
served for RRAM devices, the initial sweep requires a relatively higher voltage than
cycles, e.g. ≈1, 5V (black line Fig.A.4a). The sudden increase in current during
positive sweep indicates that the resistance changes into a low resistive state (LRS).
LRS is kept until the negative voltage is applied. During the negative voltage sweep,
the resistance state goes back into high resistive state (HRS) at ≈ −0, 5V. To evalu-
ate the nonvolatility of the Ag/CNF/ITO-cell, the retention property is characterized
under a readout voltage of 0,1V. High resistance ON/OFF ratio (>106) and good
retention are shown in Fig.A.4b. Both HRS and LRS present no clear changes for
more than 104 s. The wider resistive window observed as compared to the Si-based
device is the result of the thicker CNF layer in combination with the ITO which may
partially act as an extension of the switching layer. In order to take full advantage
of the wide open resistance window, we investigate multilevel resistive switching in
our CNF-based devices. The capability of storing multilevel resistance states in a
single memory cell is one of the most important requirements for next generation
nonvolatile memory because it can dramatically enhance the memory density. It is
known for RRAM devices that the different current compliance levels during the cy-
cling operations can be utilized in order to achieve clearly distinguishable resistance
states in LRS. FigureA.4c shows the resistance data using three different current
compliances (50µA, 500µA, 1mA). The result shows very distinctive three-level
resistance states, each associated to different programming conditions. Retention
characteristics for each state are recorded at 0, 1V readout voltage and presented in
Fig.A.4d. All resistance states are stably maintained for 103 s without degradation.
The flexible operation of CNF-based memories is treated elsewhere [5]. Thus CNFs
device shows robust nonvolatile resistive switching effects. We suggest a switching
model based on an electric-field driven and thermally activated hopping of Ag ions
responsible for a redox-induced Ag metallic filament formation and rupture. In case
of CNF we consider that the structure of the cellulose nanofibers has a major role
in the cation migration. In particular, the presence of water and the fiber-like com-
position are believed to enhance the ionic transport properties of the mobile species
during the device operations [7]. The latter has an impact in the low forming voltage
observed (below 2V) and on the wide OFF/ON ratio reported. Finally, we investigate
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Fig. A.4 Cellulose-on-cellulose electrical characterization. a Typical I–V curves for a
100× 100µm2 Ag/CNF/ITO device. The bias is applied in voltage sweep mode. 1mA current
compliance is imposed to the device for positive sweep (black and blue) to prevent the electrical
breakdown of the cell. b Multilevel capability demonstrated for different current compliance (50,
500µA, 1mA). d Retention characteristics for multilevel states under readout voltage of 0, 1V. c
Retention characteristic for HRS and LRS under readout voltage of 0, 1V

the ultimate scaling of resistive switching using cellulose. We deposited cellulose
nanopaper on a Si-substrate previously coated with Ag (Fig.A.5a). We have used
a low concentration of cellulose to achieve the deposition of individual bundles of
cellulose. The fibers are 50–80nm in diameter and can reach several micrometers in
length (Fig.A.5b). The fibers can easily be localized thanks to their characteristicme-
chanical and electrical properties. Their elasticmodulus is lower than the surrounding
material (Ag) and electrically they behave like insulators as shown in Fig.A.5d, e.
The conductive tip of the AFM is exploited in order to create an ultra-scaled AFM-
tip/cellulose/Ag-cell (inset Fig.A.5f). The conductive AFM-tip is grounded and the
bias is applied to the Ag electrode. In this configuration the resistance of the tip is
the only element providing a limitation to the current flowing during cycling [8].
Highly resistive tips are used in order to achieve a current compliance of few µA.
We observe a reproducible resistive switching locally induced in the cellulose fiber.
The tip/cellulose/Ag-cell can be repeatedly cycled over 20 cycles (Fig.A.5f) with
low operative current (<10µA). Nevertheless, due to the dissipation of heat and to
the high current density we also observe a structural degradation of the cellulose
after tip-induced cycling.

In summary, this appendix has reported on resistive switching using cellulose
nanofibers. We have designed CNF-based memories using the CBRAM architec-
ture. OurAg/CNF/Pt-device achieves good nonvolatile propertieswithON/OFF ratio
(>103), stable retention and long endurance. Next we have introduced a 99.3%CNF-
based memory devices, using cellulose as substrate and switching layer. Our paper
memories show remarkable nonvolatilememoryperformance, such as high resistance
ON/OFF ratio (>106), long retention, and multilevel capability in Ag/CNF/ITO cell.
Finally, we demonstrate the scaling capability of this material system inducing resis-
tive switching on a single bundles of cellulose nanofiber. The properties of the CNF
layer may be further engineered by tuning its composition and morphology in order
to enhance the performances of the devices as reported elsewhere [5]. Furthermore
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Fig. A.5 Single fiber switching. a Schematic of the sample structure used for the local cycling of
single-fiber. Single cellulose bundles can be located with AFM. b Topography of a 2× 2µm scan.
The zoom in topography (c), the elastic modulus (d) and the (e) electrical properties of the surface
reveal the presence of cellulose fiber which can be used for the tip-induce switching. f The I–V
curves for tip/CNF/Ag-cell is presented in air and at room temperature. The bias is applied to the
Ag electrode and the current is limited by the high resistance of the tip

these highly desirable properties can be combined with fully transparent and fold-
able substrate, which paves the way to flexible, wearable, and environmental friendly
electronics. Therefore, after its glorious past, cellulose-based paper is most probably
expected to continuously revolutionize our life also in future.
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