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Abstract

Conducting bridging resistive random access memories (CBRAMs) are one option currently
investigated for the next generation of non-volatile memories. Data storage is based on switching
the resistivity between high (HRS) and low (LRS) resistance states. Under electrical bias, a
conductive path is assumed to be created by ions diffusion from the active electrode into the solid
electrolyte. Recently, special attention has been drawn to devices containing an elemental
semiconductor such as tellurium, operating with reduced currents and less retention failures. In
these subquantum CBRAM cells, the filament is thought to contain tellurium, yielding a 1-atom
conductance (Giatom) significantly reduced compared to standard CBRAMs and thus allowing low
power operation. In this thesis, we use X-ray photoelectron spectroscopy (XPS) to learn about
electrochemical reactions involved in the switching mechanism of Al,03; based CBRAMSs with ZrTe
and TiTe alloys as active electrode. Two methods are used: i) non-destructive Hard X-ray
photoelectron spectroscopy (HAXPES) to investigate the critical interfaces between the electrolyte
(Al;03) and the top and bottom electrodes and ii) Gas Cluster lon Beams (GCIB), a sputtering
technique that leads to lower structure degradation, combined with XPS depth profiling to evaluate
chemical depth distributions. ToF-SIMS measurements are also performed to get complementary
in-depth chemical information. The aim of this thesis is to clarify the driving mechanism and
understand the chemical changes at both interfaces involved in the forming process under positive
and negative polarization as well as the mechanism of the reset operation. For that, we performed
a comparison between as-grown state, i.e. the pristine device with a formed state, i.e. the sample
after the first transition between HRS and LRS, and reset state, i.e. the sample after the first
transition between LRS and HRS.

Conducting bridging resistive random access memories (CBRAMs) are one option currently
investigated for the next generation of non-volatile memories. Data storage is based on switching
the resistivity between high (HRS) and low (LRS) resistance states. Under electrical bias, a
conductive path is assumed to be created by ions diffusion from the active electrode into the solid
electrolyte. Recently, special attention has been drawn to devices containing an elemental
semiconductor such as tellurium, operating with reduced currents and less retention failures. In
these subquantum CBRAM cells, the filament is thought to contain tellurium, yielding a 1-atom
conductance (Glatom) significantly reduced compared to standard CBRAMs and thus allowing low
power operation. In this thesis, we use X-ray photoelectron spectroscopy (XPS) to learn about
electrochemical reactions involved in the switching mechanism of Al,03; based CBRAMSs with ZrTe
and TiTe alloys as active electrode. Two methods are used: i) non-destructive Hard X-ray
photoelectron spectroscopy (HAXPES) to investigate the critical interfaces between the electrolyte
(Al,03) and the top and bottom electrodes and ii) Gas Cluster lon Beams (GCIB), a sputtering
technique that leads to lower structure degradation, combined with XPS depth profiling to evaluate
chemical depth distributions. ToF-SIMS measurements are also performed to get complementary
in-depth chemical information. The aim of this thesis is to clarify the driving mechanism and
understand the chemical changes at both interfaces involved in the forming process under positive
and negative polarization as well as the mechanism of the reset operation. For that, we performed
a comparison between as-grown state, i.e. the pristine device with a formed state, i.e. the sample
after the first transition between HRS and LRS, and reset state, i.e. the sample after the first
transition between LRS and HRS.
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Introduction

Resistive Random Access Memories (RRAMs) are interesting candidates for the next generation
of non-volatile memories (NVMs) due to their scalability, simple structure and potential high storage
density [1-3]. Data storage principle is based on switching the resistivity between high (HRS) and, low
(LRS) resistance states by applying voltage or current pulses. Among them, conductive-bridge resistive
random access memories (CBRAMs) are a promising option as shown by some preliminary industrial
demonstrators [4-6]. These cells are composed by an active electrode, a solid electrolyte (insulating layer)
and a bottom electrode. Their resistive switching mechanism is based on the electrochemical
formation/dissolution of conducting filaments in the solid electrolyte layer, forming a bridge between the
two electrodes. The formation of these filaments occurs by the dissolution of the metal present in the
active electrode according to M—> M* + ze, subsequent metal cation migration inside the electrolyte layer
and the reduction of the M** at the bottom electrode surface according to : M* + ze" = M. This model is
adopted to explain the resistive switching, however, the physical mechanisms driving these phenomena
have not been fully understood.

CBRAMs improve the cycling endurance while maintaining good scaling and high operation speed.
However, this technology still presents several issues including, high switching voltage, the complexe
chemistry of the forming process and high power consumption. Therefore, a better knowledge of the
resistive switching mechanism as well as the exploration of new materials is essential for the future device
development.

Recently, special attention has been drawn to the use of devices containing an elemental
semiconductor such as tellurium, operating with reduced currents while keeping good retention
properties [4]. In these subquantum CBRAMs, the filament is thought to contain tellurium. The current
required to program a standard CBRAM cell is directly related to the conductance of a 1-atom filament
(G1atom). For metals, Giatom is comparable to the quantum Go=2e2/h [7], whereas for a semiconductor such
as Te, it is sub-quantum (0.03 Go) enabling operation at low currents. Subquantum CBRAMs based on an
Al,O; electrolyte and an active top electrode of a Te binary alloy such as ZrTe, TiTe and HfTe, are the most
promising systems reported in the literature, with cell operating current and power as low as 10 pA and
0.01 mW [8].

The aim of this thesis is the investigation of the electrochemistry of the forming and reset
processes for ZrTe (TiTe)/Al,0s-based CBRAMs. The filament creation, known as forming, is an irreversible

process required to enable the write/erase (SET/RESET) cycles of the memory cell. It is a key step to be
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controlled for the optimization of CBRAMs cells[4,6]. More information about filament formation would
facilitate the control and manufacturing of such memory cells. It is also necessary to better understand
the cycling of the cell. Thus, not only the electroforming step must be investigated [9], but also the
switching between the LRS to the HRS, known as the reset step.

To investigate the resistive state-dependent chemistry in such Te-based CBRAMs, we have used Hard
X-ray photoelectron spectroscopy (HAXPES) which enables non-destructive analysis of the buried
interfaces between realistic electrodes and insulating layer thanks to the much greater probing depth [10].
The high sensitivity of this technique is also crucial due to the small changes expected in signal during
resistive switching relative to that from the surrounding matrix. XPS depth profiling using Gas Cluster lon
Beams (GCIB) as sputtering technique was also used to study the elemental distribution through the
sample. In addition Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiling was used
as a complementary technique to provide in-depth profiles with a high depth resolution (< 1nm) and with
a better sensitivity (< 10 ppm)[11]. To investigate the possible impact of the environment on the resistive
switching of these cells, X-ray photoelectron spectroscopy with in-situ electrical polarization (under-ultra-
vacuum) was used to highlight the role of the surface and interface oxidation in the forming process[12—
14]. For that an assembly was developed using a specific sample holder allowing the bias application
directly in the XPS analysis chamber.

The thesis work has been carried out in the framework of a collaboration between the
NanoCharacterization Platform (PFNC) of CEA Grenoble and the Institut Rayonnement-Matiére of CEA
Saclay (IRAMIS). All of the samples were fabricated and optimized by the Department of Deposits (SDEP).
The Hard X-ray photoelectron spectroscopy (HAXPES) analyses were performed at the GALAXIES beamline
of the synchrotron SOLEIL and at the BL15XU beam line of the Japan Synchrotron Radiation Research

Institute (SPring-8).

Introduction



Preface

Chapter 1 introduces the key concepts related to the resistive random access memories (RRAM): the
advantages and characteristics, the physical processes involved in the resistive switching, the filamentary
theory and the influence of the input parameters on the device performances characterization. A
description of CBRAM and OxRRAM mechanisms and characteristics is presented. The last part shows a
description of the subquantum CBRAMs cells based on Te which are the subject of this manuscript and
the problematic of this thesis.

Chapter 2 provides a description of the characterization techniques, experimental methods, as well as the
sample preparation: growth method, lithography and circuitry for the ex-situ and in-situ studies of the
cells. The principles of the photoemission spectroscopy are presented together with the specifics of Hard

X-ray photoemission spectroscopy. In addition, this chapter outines the principles of ToF-SIMS.

The experimental results are presented and discussed in the following three chapters.

Chapter 3 shows the investigation of the electrochemistry of the resistivity change during the direct
forming of ZrTe/Al,0; based CBRAMs. The direct forming occurs when a positive bias is applied on the top
electrode to form the filament. HAXPES probes the buried interface between the ZrTe active electrode
and the Al,Os layer. XPS and ToF-SIMS depth profiling investigate the oxygen, tellurium and zirconium
migration. The last part correlates the electrical characterization of the TiTe/Al,Os-based devices under

positive polarization with the physical chemistry response of the system.

Chapter 4 is the investigation of the negative forming of Te-based CBRAMs, also called reverse forming,
in which a negative voltage is applied on the top electrode and the first reset step i.e. the first transition
from LRS to HRS. Compared to positive forming, the device operation is modified and the bottom
electrode may also play a role in addition to the active electrode. To test the validity of this scenario in
the case of Te-based CBRAMs, we study the redox phenomena observed in the different layers. We
compare results obtained for three samples: as-, formed and reset. The aim is to clarify the switching
mechanisms and understand the chemical changes at both electrode/electrolyte interfaces for devices

with TiTe and ZrTe as active electrodes.

Finally, chapter 5 shows the investigation of the forming process performed in-situ, i. e. under ultra-high
vacuum, to get closer to real operating conditions. X-ray photoelectron spectroscopy is performed to
analyse the surface and bulk chemical composition, by combining standard and depth profiling

measurements. Results are compared with ex-situ forming under air.
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Chapter 1

1. Resistive Random Access memory - RRAM

In the first part of this chapter will be introduced the key concepts related to the resistive random
access memories (RRAM): the advantages and characteristics, the physical processes involved in the resistive
switching, the filamentary theory and the influence of the input parameters on the device performances
characterization. The second part describes the specific CBRAM and OxRRAM mechanisms and
characteristics. Finally, we present the subquantum CBRAMs cells based on Te which are the subject of this

thesis.

1.1. Non-volatile memories — NVM

Semiconductor memories are essential components of electronic systems [15,16] and can be
classified as shown in Figure 1.1. There are two basic categories of memories: Volatile Memories and Non-
Volatile Memories (NVM). The volatile memories are devices that lose stored information when switched off.
Their application is mainly in systems with a relatively high speed of writing or requiring a short access time.
Two examples are the DRAM (Dynamic Random Access Memory) used as cache in computer systems and
SRAM (Static Random Access Memory) used as main memory in computer RAMs [6]. On the contrary, the
NVM keep the information when switched off. Examples of NVM include read-only memory, flash memory,
magnetic storage devices (e.g. hard disks and magnetic tapes), and optical discs. Among these types of
memory, flash memory stands out, as it provides higher density, lower cost and much improved portability

than traditional hard disk drives (HDD).

Charge Polarization Resistance
trap change change

][] ] (]

Figure 1.1. Classification of solid-state semiconductor memories.
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With the advent of the Internet of Things (loT), there is an increase of the number of devices that
contain non-volatile memories being used in everyday situations. This increase has generated a great demand
for memories of low power consumption, reliable data storage and fast access to stored data. However, the
conventional memory cells don't seem to converge to these operating standards. The flash memories are
approaching the integration limit. One of the major problems to be faced in the future of flash memories is
their miniaturization. The decrease of the chips size, consequently leads to a decrease of their tunnel
dielectric thickness. This decrease induces a discharge of the electrons present in the floating gate which can

lead to a considerable reduction of the retention time of the data recorded in the memory|[5,17].

Several novel nonvolatile memories (generally referred as emerging memories) have been proposed
to find a replacement for flash, such as: Magnetoresistive RAM (MRAM), Phase Change RAM (PCRAM) and
Resistive RAM (RRAM). Their interest is based mainly on low-power and high reading speed. However, their
price and scalability are a barrier to compete with DRAM and NAND flash technologies (found mainly in small
electronic devices as USB flash drives and memory cards). These new memories contain different materials
and exhibit different mechanisms of data storage in comparison to established memories [5,6,18]. The
development of these memories aims to optimize the main characteristics that a memory should have such

as: high write/ read speed (ns), low-power (<1 V), endurance (>10 years) and good scalability (<10 nm) [18].

Among the emerging memories the RRAMs is very promising in the near future to replace flash
memories and is under development by several companies such as: Panasonic, HP, Adesto Technologies, and
Crossbar, among others. According to Yole's Development reportin 2017[19], the first target to RRAM
application will be the embedded memories i.e. a memory that is integrated into a logic chip circuit. These
memories are adapted to devices that needs a memory with a high-temperature retention [20] i.g.
automotive devices and also for low power applications [21] as for example smart cards, 10T, etc. After that,
the target of RRAM applications will be to replace 3D NAND in microcontrollers and consequently enable

their integration into a systems-on-a-chip (SoC).

1.2. Resistive random access memory (RRAM)

The RRAM is a metal—insulator-metal (MIM) resistance-changing device as shown in Figure 1.2. The
change of the insulator layer resistance is induced by the application of an electric field. The two resistive
states of the device are called: high resistance state (HRS) or low resistance state (LRS). The transition HRS >
LRS is defined by "set" and the inverse by "reset". It is generally assumed by the researchers that the resistive
switching is based on conducting filaments formation through the insulating oxide [1,2,4,22—24]. However,

the physical mechanisms driving these phenomena have not been fully understood. Therefore, studies about

Chapter 1. Resistive Random Access memory - RRAM
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the electrochemical mechanisms involved in the resistive switching are essential for the future development

of this type of memory.

Bit Lines

Word Lines

Figure 1.2. MIM structure of a RRAM cell. Adapted from Meena et al. [5].

1.2.1. RRAM technology

The RRAM is one of the most promising emerging memory technologies and present the following

advantages [6,25,26]:
e Simple cell structure: 2-terminal MIM structure allowing 3D integration;
e fast speed for read and write-erase process (ns) and for flash (ps-ms);
* |ow power consumption;
® |ow cost to fabricate;

® possibility to achieve a high-density by the formation of a cross-point structure without using

access devices [25].

Table 1.1 shows a comparison of some characteristics of RRAMs and flash memories. Among the
critical issues for the future development of RRAMs we can highlight the forming operation, endurance,
reliable and data retention. Another key challenge is fully understand the resistive switching of this memories

to better optimize the cells and with that improving its performances.
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Table 1.1. Comparison between Flash and RRAM. Adapted from [3,4,6]

Flash RRAM
Demonstrated
4 4
Cell size (F) -
Projected
Demonstrated 50
100
Read time (ns) -
Projected <10
Demonstrated 0.2
4.5
Read voltage (V) -
Projected 0.1
Demonstrated 1012
105
Endurance (cycle) - >
Projected >10?
Demonstrated 15-20 0.6
Write Voltages (V)
Projected 15 <0.5
Demonstrated
Write /Erase time (ns) 1000/100 <1
Projected

1.2.2. Resistive switching mechanisms

Several studies proposed a model based on the formation/rupture of a conducting filaments
connecting the two conducting electrodes i.e. inside the insulating layer to explain the resistive switching
mechanism of the RRAMs. However, the exact formation mechanism and the chemistry of the filaments is
still unclear. Figure 1.3 illustrates this mechanism and shows each step of the switching process: forming,

reset and set.
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Figure 1.3. (a) Current-Voltage curve for a unipolar RRAM (b) Schematic of the forming, reset and set
processes. Adapted from Sawa et al. [23].

The creation of conducting filaments through the insulating dielectric layer, known as forming, is an
irreversible process required to activate the write/erase (set/reset) cycles of the memory cell. The forming
process (1) is the first switching between the initial virgin state (VS) and the low resistance state (LRS). It is
triggered by the forming voltage (Vi) and controlled by a compliance current (l..), which avoids the
breakdown of the insulator layer. This forming process induces defects in the insulator; the formation of
conductive paths across the dielectric is assumed after the bias application, following the filamentary theory.
During the reset (2), which is the transition from the LRS to the High Resistance State (HRS), we have a partial
recovery of these defects yielding to partial rupture of the conducive filaments. During this process, the
current decreases abruptly at Vgeset. The subsequent process, called set (3), is the re-forming of the filament
i.e. the switching from HRS to LRS. The set voltage (Vs.t) is smaller than Ve since the conducting filament is
not entirely dissolved during the reset. Note that a non-filamentary resistive switching caused by a change at
the interface and/or volume of the oxide is also possible. In this case, the LRS of the memory is inversely
proportional to the device area[27]. Whereas for a memory with a resistive switching based on conductive

filaments, the LRS is independent of the cell-area as demonstrated in the next section (Figure 1.7).

The RRAM may present a bipolar or unipolar resistive switching mechanism. Figure 1.4 shows the
different hysteretic curves for each electrical behavior. In the unipolar behavior (Figure 1.4 (a)), the switching
process does not depend on the polarity of the applied voltage, i.e. Vgeset has the same polarity as Vset. For a
bipolar behavior, it is necessary to reverse the polarity, that is, Vst occurs in a polarity and Vgeset in the

opposite polarity [2,22,28] as shown in Figure 1.4 (b).
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Figure 1.4. (a) Unipolar and (b) bipolar behavior of resistive switching. The red lines represent the system in
the high resistance state (HRS) and the green line the low resistance state (LRS). l.c represents the compliance
current used to protect the device. Adapted from Waser et al. [28].

The mechanisms of resistive switching can be thermally, chemically or electronically activated. The
resistive switching of a RRAM that presents an unipolar behavior is related mainly to thermal effects (joule
heating) [29].The reset process in this case occurs by a thermal dissolution of the conducting filaments due
to the very high power density (around 102 W/cm?3) in the filament zone[28]. In most of the devices with
noble metal electrodes (e.g. Pt) the unipolar behavior is obtained. On the other hand, the resistive switching
mechanism for bipolar devices is mainly related to redox reactions and ions migrations [1,30]. This behavior
mainly occurs in MIM devices that exhibit asymmetry, i.e. electrodes with different compositions and
oxidizable materials. It is important to note that an oxide (insulator layer) may exhibit both unipolar and
bipolar behavior. In this case, the change in the resistive switching mode is determined by the top/bottom

electrode materials and/or by the compliance current and polarization used during the forming process.
1.2.2.1.  Filamentary RRAM- Experimental evidences

Resistive switching via a conducting filament was observed in different RRAM devices using
conductive atomic force microscopy (C-AFM) [31,32]. Figure 1.5 shows the electrical measurements done by
C-AFM on a Pt/TiO; stack[31]. This technique allows the identification of the active regions in the device. The
conducting filaments are created locally by applying a potential difference between the conductive tip and
the bottom electrode (Figure 1.5 (a)). The |-V curves of the forming, reset and set processes are shown in
Figure 1.5 (b). After the forming process, as shown in Figure 1.5 (c), the conductive regions are localized by
an increasing current flowing though the structure (bright intensity). In turn, Figure 1.5 (d) shows a decrease

of these conductive regions after the reset process. Whereas this study confirms the filamentary nature of
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the resistive switching and the nanoscale of the conducting filaments diameter, the chemistry and the

formation mechanism of the filaments was not demonstrated.
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Figure 1.5. (a) Schematic diagram of the C-AFM experimental system, (b) I-V curve of the resistive switching
using a AFM tip as top electrode, (c) Mapping of the current flow through the surface after the forming
operation shows locally conducting regions, d) after the reset operation these regions disappears. Adapted
from Chae et al. [31].

In addition Kwon et al. [33] showed by high resolution transmission electron microscopy (HR-TEM)
that a filament for a memory based on TiO; has a dimension around 10 nm in diameter as shown in Figure
1.6 . This information is very important to improve the scalability of the memories for future applications.
However, it is important to note that the study of the nanofilament using TEM or STEM-EELS is still a challenge
as the preparation of a TEM lamella can causes artifacts (mechanical stress, amorphization, Ga implantation)
and thereby modify the filament region. In addition, due to the nanometric size of the regions of interest,

the localization of the conductive areas is a challenge to prepare the TEM-section.
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Figure 1.6. (a) HR-TEM image of a Ti4O7 nanofilament and (b) a fast Fourier transformed micrograph of the
HR-TEM image. Adapted from Kwon et al. [33].

Another evidence of the formation and rupture of conducting filaments during the resistive switching
is that the RRAM exhibits LRS resistance independent of the cell-area [28]. This fact was demonstrated by Xu
et al.[34] for TiN/ZnO/Pt devices. This study showed the area dependence of the resistance measured in the
HRS and LRS as shown in Figure 1.7. Rirs does not vary significantly with an increasing cell area. More
variability is observed for Rugrs. Nevertheless, these measurements suggest that this device presents a

filamentary conducting mechanism.

10

= =
%

-

Resistance Value (Ohm)
== ==
q' L=

-
b

100 225 400 2500 10000 40000
Device Area (um®)

=h
Q

Figure 1.7 Area dependence of the resistance values in HRS and LRS for TiN/ZnO/Pt devices, from Xu et al.
[34].

The resistive memory cells can be categorized into two groups, namely Oxide-based Resistive
Random Access Memories (OXRRAM) and the Conductive Bridge Random Access memories (CBRAM). A

description for both is presented in the next sections.
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1.2.3. Oxide- based resistive random access memory (OxRRAM)

In this type of memory, the resistive switching is based on the formation of oxygen vacancies (V3* )
inside the electrolyte layer, as a result of oxygen-ion migration. The electrochemical process is shown
schematically in Figure 1.8. During the forming process (soft dielectric breakdown), oxygen ions migrate
toward the top electrode/electrolyte interface, driven by the electric field. This migration causes the
formation of an interfacial oxide layer and the creation of conducting filaments formed by a collection of

oxygen vacancies (V;° ) in the insulator layer, leading the memory to a LRS[1,35].

| TepE_Ie_ctrode |
| oYY | IRs:
: 0*=0+2e % Filamentary Conduction
<3| 0+2e=Vvo+0* | l ng\CF
) O
Forming: ( 4 .
Soft-breakdown V= *+Viu ' 2 V= +Viwu (unipolar) or V.., (bipolar)
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() .'.,.- =
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0% diffusion (unipolar)
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Figure 1.8 Schematic of the resistive switching mechanism for an OxXRRAM cell. Adapted from Yu et al. [35].

On the contrary, the reset is characterized by the migration of 0% ions towards the electrolyte. During
this process, there is a partial recombination of oxygen ions with V3* . The reset causes only a partial rupture
of the conducting filaments. Therefore, the set process is similar to the forming but the migration of 0%
(creation of V5* ) occurs only near the top electrode/electrolyte interface. For a unipolar switching, the Joule
heating is responsible for thermally activating the O% diffusion. In the bipolar switching, the diffusion barrier
is the interface between the top electrode and the electrolyte and the ion drift back is driven by the electric
field. The OXRRAM presents a M-O-M structure (Metal-Oxide-Metal) based on a transition metal oxide that
exhibits resistive switching, a large band gap, CMOS compatibility and good switching performances. High-k
metal-oxides such as HfOy [36], TaOy [37] and AlOy [38] have been widely studied due to their good retention
, endurance properties and CMOS compatibility. In addition, amorphous materials are preferred in
comparison to crystalline oxides. The materials used in top and bottom electrodes also influence the
mechanism and performance of the resistive switching. Some examples of materials widely used are: W, Cu,

Ti, Ni and Pt. The unipolar behavior is favored in OXRRAMs that use noble metals as electrodes (i.g. Pt). On
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the other hand, the devices with oxidizable electrodes (i.g. Ti, TiN) exhibit mainly a bipolar behavior. For
example, Zhou et al. [39] showed that a memory with a TaN/CuO,/Cu structure exhibits a bipolar behavior
caused by the formation of TaON at the TaN/CuOy interface. However, the same structure with a Pt electrode
instead of TaN showed an unipolar behavior without oxide formation at the interface. For the unipolar
behavior, the reset mechanism is due to a thermal dissolution of the conducting filaments by local Joule
heating. During the set there is an accumulation of 0% near the anode. Thereafter, the Joule heating would
activate the combination of 0% with the oxygen vacancies causing the conducting filament dissolution i.e.
reset process. Whereas for the bipolar behavior, the interfacial layer, in this case TaON act as a barrier to the
oxygen diffusion therefore the thermal diffusion mentioned above is not sufficient to cause the conducting
filament dissolution. Therefore, in this case, the application of a reversed electric field is necessary to
promote the drift back of the oxygen ions and consequently the reset process. The interfacial oxide layer acts
as an “oxygen reservoir”. During the set this interfacial layer stores the oxygen ions and during the reset

process, it drives them back to the oxide.

Figure 1.9 shows a study of the resistive switching of a Pt/TiO,/Pt OXRRAM using optical microscopy
[24]. In Figure 1.9 (a), the image shows the growth of bubbles on the top electrode during the polarization of
the cell. After removing the polarization, the bubbles disappear as shown in Figure 1.9 (b). This study brought
evidence of a possible oxygen migration from the oxide towards the top electrode during the resistive

switching.

New bubbles grow g Bubbles disappear
in size and number immediately when the”
with time +V bias is removed

Figure 1.9 (a) Optical microscopy image of a Pt/TiO,/Pt device during top electrode polarization and (b) after
removing the polarization. Adapted from Yang et al. [24].

The creation of oxygen vacancies in the oxide layer changes its electronic structure. For example, the
Figure 1.10 shows a computed electronic density of states (DOS) as a function of the valence band edge
relative energy of HfO, and HfOx for a TiN/HfO,/TiN device. The formation of oxygen vacancies in the

HfO, layer reduces the effective band gap by a factor of 6 resulting in a semiconducting-like material [40].
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Figure 1.10 DOS of the HfO4 and HfO; structures as function of the energy relative to the valence band edge
(Ev); Eg (HfOy, HfO,) indicates the energy bandgap of the two simulated atomic structures. Adapted from

Stefano et al. [40].

The number of conducting filaments in the oxide can depend of the compliance current (l.c) used
during the forming process. The variation of the number of conducting filaments and the I, was studied

using 2D kinetic Monte Carlo (KMC) simulation [41] and the results are shown in Figure 1.11.

Figure 1.11 (a) shows the set process using different compliances currents. The comparison between
the defect maps for I = 100 pA (Figure 1.11 (b)) and for 200 A (Figure 1.11 (c)) showed that the number of
parallel conducting filaments created in the electrolyte layer increases with the I... This dependence can be

used to increase the number of defects during the resistive switch thus making it easier to analyze the

filament chemistry.
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Figure 1.11. KMC modeling of resistive switching (a) |-V curves of the set process at different compliance
currents (b), conducting filaments formation between two electrodes using (b) 100 pA and (c) 200 pA.
Adapted from Guan et al. [41].
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1.2.4. Conductive bridge random access memory (CBRAM)

Among the RRAMs the Conductive bridge random access memory (CBRAM) stands out for its low
energy operation and higher resistance window, i.e. the ratio between the high (HRS) and low (LRS)
resistance state [4]. CBRAM is a device whereby the changes in resistivity are explained by the metal cation
migration inside the electrolyte layer to form a conducting bridge. The cell is a MIM structure based on an
active electrode, a dielectric layer and an inert electrode. The active electrode is generally formed by Ag, Cu
and Ni, the electrolyte is formed by sulphides, oxides and chalcogenides thin films and the inert bottom

electrode is generally made of Pt, W, Ta or TiN [42-47].

The electrochemical process suggested for the resistive switching of this type of memory is shown
schematically in Figure 1.12 for an Ag-based CBRAM.[4] By applying a positive voltage to the top active
electrode of the device, (B and C) metal cations from the active electrode migrate into the electrolyte. (D)
They are reduced when reaching the bottom electrode and the filament is formed by accumulation in the
electrolyte. In the same way, (E) by reversing the polarity of the applied voltage, some of the cations return
to the active electrode and the filament is partially destroyed. This resistive switching exhibits a bipolar

behavior as shown in the |-V curve in Figure 1.12.

02 0.4 06
\oltage [V]

Figure 1.12. Schematic diagram of resistive switching mechanism of an Ag-based CBRAM and the current -
voltage (I-V) curve for the forming and reset processes, from Valov et al. [4].
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The resistive switching under a positive bias application on the top electrode involves the following

chemical reactions [1]:

Anodic dissolution of M:

M - M?* + ze~ 1.1

Reduction of the metal cation on the inert electrode surface:

M?* +ze- -> M 1.2

In the forming/set process, i.e. during positive polarization of the top active electrode, the oxidation
of the metal present in the active electrode occurs at the interface with the insulation layer (step B of the
Figure 1.12). After that, as illustrated in the step C, the MZ* migrate across the insulator layer. The step D
shows the reduction of the metal cations at the bottom electrode interface to form the conducting filament
according to reaction 1.2. The low resistance state is attained when the metal filament has grown sufficiently

to form a contact with the opposite active electrode.

The reset process, by the application of an opposite polarization, causes a partial rupture of the M
filament as illustrated in the step E. By increasing the potential difference beyond a certain value (Vgeset), the
metal filament will be oxidized again and field induced transport occurs. Note that current - induced Joule
heating may also contribute to the filament rupture. Thus, during the reset process, the filament will retract

from the active electrode[28,48-51].

1.2.4.1. CBRAM heterostructures

e Active electrode

The CBRAM active electrodes are often Ag or Cu alloys. The diffusing element and composition of the
film can contribute to the thermal stability as well as the quality of the interface with the electrolyte. In
addition, the composition of the Ag or Cu alloys can affects the resistive switching and the filament stability.
For example, according to Goux et al. [21] the proportion between Cu and Te (CuxTe1) has an influence on
the formation of Cu filaments. For a CuTe/Al,Os-based device the optimal range is 0.5 < x <0.7 for improving
the stability of the resistive switching and enabling the selflimited filament formation. However, for x < 0.3
the results showed an instable filament formation (memory behavior loss), for 0.3 < x < 0.5 a filament with a

low stability (reset at a low voltage) and for x > 0.7 a filament too stable with an Igeset > lcc. These results
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demonstrated that the presence of tellurium in the alloy decreases the stability of the Cu filaments but is
important to enable their dissolution i.e. the reset process.

Others adapted active electrode alloys are: CuAg, , CuGe, CuGeTe and AgGe [52]. The use of a
semiconductor as diffusing element can improve, for example, the conducting filament stability and
decrease the operation currents, as showed by Jameson et al. [8] for an active top electrode of a Te binary
alloy such as ZrTe, TiTe and HfTe. The deposition methods used to fabricate the active electrodes are:
sputtering, physical vapor deposition (PVD) or chemical vapor deposition (CVD) and thermal evaporation[49].

A protective layer is used to prevent the oxidation of the active electrode. This layer is very important
since the oxidation level of the active electrode can affect the resistive switching and influence the endurance

and retention time of the memory [14,53].

e Solid electrolyte

The solid electrolyte is an insulator with good thermal stability, ionic conductivity and should also be
CMOS compatible. Some examples of solid electrolytes are: sulphides (Cu,S, Cu-doped GeS,), selenides (Cu-
doped GeSe), chalcogenides (GeSbTe) and iodides (Agl, RbAgals). Moreover the oxides and nitrides (e.g. SiO,
Al;03, Ta;0s, WOs3, ZrO;, SrTiOs, TiO,, SisN4) stand out for their good CMOS compatibility, retention and
endurance properties[52]. The deposition process leads to a significant difference in the electrolyte
properties (i.g. ionic conductivity) for the same material. For example, sputtered SiO, exhibits a defect-rich
structure favoring the resistive switching, whereas atomic layer deposited (ALD) SiO, shows higher density
and less defects. Therefore, the solid electrolyte and also the deposition method can be used to optimize the

resistive switching.

Amorphous Al;Os is an attractive electrolyte for CBRAM cells. This oxide exhibits a high band gap
(around 5.1-7.1 eV) [54,55], large breakdown electric field (5 — 10 MV/cm) and thermal stability up to 1273
K [56]. It has been studied as insulator layer in many CBRAM cells configurations[21,57,58] and has been used

in this thesis.

e Bottom (inert) electrode

The material used for the bottom electrode must be stable and inert, i.e. must not electrochemically
dissolve into the electrolyte. In addition, the material has to provide a good adhesion with the electrolyte
layer and CMOS compatibility. For this purpose, W, Ru, TiW, Ta and TiN are viable and interesting options for
CBRAM cells[52].

Chapter 1. Resistive Random Access memory - RRAM




25

1.2.4.2.  Experimental evidence of conducting filaments

Hirose and Hirose (1976) [59] first observed the creation and destruction of conducting filaments in
the form of dendrites in a planar system where the electrolyte was an amorphous As,S; film photo-doped
with Ag. The application of an electric field caused the growth of Ag dendrites on the surface of the electrolyte

as shown in Figure 1.13.

100 pm

Figure 1.13. Optical microscopy image of the Ag dendrites growth inside of the amorphous As,Ss film (planar
structure). Adapted from Hirose et al. [59].

It is important to note that the filament formation on planar structures, as shown above, cannot be
generalized to bulk devices since the diffusivity of the ions as well as the redox activation energies involved
in the filament formation can be very different. In addition, as we can observe in Figure 1.13, this experiment
was based on a large planar structure (length of the Ag dendrite = 100um) while for a real RRAM cell the
filament has a nm-length scale. Considering that, recent studies analyze the nanostructure of the conducting
filaments, using mainly transmission electron microscopy (TEM). Figure 1.14 (a) and (b) show respectively
the scanning TEM (STEM) images of the conducting filaments formation/dissolution for Cu/CuGeTe/Pt [60]
and for Ag/ZrO,/Pt devices [61]. For both samples the conducting filaments exhibit a conical shape. However,
the base of the cone is positioned in opposite electrodes, showing different growth directions for these two
cases. In the device with CuGeTe as electrolyte, the filament starts to grow from the inert (Pt) toward the
active electrode (Cu). This phenomenon occurs because this electrolyte presents a good ionic mobility and
low reduction rate. On the opposite, ZrO, is an electrolyte that presents a low ionic conductivity and high
reduction rate and consequently the filament grows in the opposite direction. Given the low migration speed
of the metal cation (Ag*) in ZrO, (low ionic conductivity), they will be reduced back to Ag by the electron flux
after migrating a small distance and before reaching the Pt bottom electrode. This process causes an
accumulation of Ag atoms at the Ag electrode/ZrO, interface as shown in Figure 1.14 (c). This comparison
showed a good example of how the solid electrolyte can influence on the characteristics of the conducting

filaments (shape, size and growth direction)[52].
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Figure 1.14. (a) STEM images of the conducting filaments formation in CuGeTe electrolyte for LRS and HRS.
Adapted from Choi et al. [60] (b) Cross-section TEM image of the Ag/ZrO,/Pt device after electrical stress
application (c) Schematic of the conductive filament growth mechanism. Adapted from Liu et al. [61].

The filament composition, chemistry and morphology investigation can be made by several different
techniques such as: tomographic atomic force microscopy (T-AFM) [62] , X-ray photoelectron spectroscopy
(XPS) [63,64], scanning tunneling microscopy (STM)[65] etc. AFM and STM have high lateral resolution and
enable morphological and electrical characterization of the CBRAMSs while XPS depth profiling and Hard X-
ray photoelectron spectroscopy (HAXPES) give depth sensitive chemical information about cation diffusion

and oxidation-reduction (redox) reactions produced during the resistive switching.

1.2.4.3.  Role of the oxygen vacancies

Cation migration inside an oxide layer might be helped oxygen vacancies, as suggested by several
studies [61-65]. These works showed that the creation of oxygen vacancies decreases the energy cost to
insert cations inside an oxide under bias application. According to Yamamoto et al. [66], cation migration can
be enhanced by introducing cation vacancies. When the migrating cation is surrounded by others cations, it
generates strong coulomb repulsive interactions hindering the diffusion. On the other hand, in the presence
of cations vacancies, this cation can shift to the open space decreasing the repulsive interactions and
consequently decreasing the cation energy migration. However, the diffusion mechanism of cations through
cationic or interstitial sites is still unclear.

Several studies suggest a hybrid mechanism, i.e. a combination of both CBRAM (ions diffusion) and
OXRRAM (V;° formation by O transport ) mechanisms to form the filament [51,67,68]. For example,
according to Saadi et al.[51], the resistance transition can be divided in two stages. The first is the creation
of oxygen vacancies and the second is the migration of the ions along V;* paths. The positive bias application
causes migration of 0% towards active electrode and an accumulation of oxygen vacancies next to the bottom

electrode. However the creation of oxygen vacancies across the entire oxide layer cannot be exclude.
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According to Jeon et al., in Cu/TaO,/TiN devices, the resistive switching mechanism is based on the
formation of V;° /Cu conducting filaments [69]. As shown in Figure 1.15 (a), the pristine cell has already Cu
ions and V" inside the TaOy layer. During the positive polarization (Figure 1.15 (b)), the Cu ions migrate
towards the bottom electrode and are reduced to Cu metal. The V3* conducting filaments are formed in the
gap between the active electrode and the electrolyte. This resistive switching mechanism based on
conducting filaments composed of not only metallic Cu but also V3* (created by the O* migration under bias
application) may explain why this device has a gradual set in comparison to conventional CBRAMs presenting

an abrupt set.
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Figure 1.15. Proposed resistive switching mechanism with combined V;* /Cu conducting filaments formation
in the Cu/TaO,/TiN device. Adapted from Jeon et al. [69].

Chung et al. [68] showed for a Ag/TaOy/Pt device that the resistive switching mechanism of a CBRAM
depends on the temperature operation and on the defects in the insulating oxide electrolyte. For a resistive
switching at 100K, the conducting filaments proved to be a combination of metal atoms and oxygen vacancies
as shown in Figure 1.16 (b). However, the resistive switching at 300 K showed a standard CBRAM behavior
i.e. a filament formed by Ag atoms as shown in Figure 1.16 (c). This variation of the resistive switching
behavior can be explained by the larger activation energy of Ag diffusion (E, = 1.19 eV) in TaOx compared to
0% (E. = 0.91 eV). The diffusivity of 0 may be equal or greater than Ag at 100K thus enabling the formation

of a conducting filaments by a combination of Ag and V;° .
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Figure 1.16 Schematic illustration of (a) Pristine device (b) forming operation at 100 K and (c) at 300 K.
Adapted from Chung et al. [68].

Reverse forming ,i.e. a forming using negative polarization, was observed in several standard Cu-
based CBRAMSs structures [70,71] and also reported to be related to metal cations and/or oxygen vacancies
(Vo ). Compared to positive forming, the bottom electrode may also play a role together with the active

electrode.

Reverse forming can be used also to improve the resistive switching of the CBRAMs. According to
Molas et al.[67], for a Cu-based cell a negative pre-forming induces oxygen vacancies in the oxide (OXRRAM
behavior) as shown in Figure 1.17 (a). During the subsequent direct forming (i.e. at positive polarization), the
presence of oxygen vacancies facilitate the injection of Cu ions and the formation of the conducting filaments
inside the electrolyte. Figure 1.17 (b) shows that the pre-forming reduces the forming voltage of the direct
forming, thus indicating that this step can optimize the resistive switching in CBRAMSs. According to this work,
the pre-forming leads to an intermediate HRS (with a lower resistance in comparison to the pristine cell) thus
decreasing the energy cost to insert Cu cations during the subsequent positive forming. However, as

discussed before, the reason why cationic sites improves the cation migration is still an open question.
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Figure 1.17 Schematic illustration of a reverse and direct forming (b) Ve as a function of the cell resistance
after reverse forming operation. Adapted from Molas et al.[67].

Hybrid RRAMs are interesting because they combine the advantages of CBRAM and OxRRAM
memories. The CBRAMs structures are characterized by higher resistance windows, i.e. higher resistance
ratios between the high (HRS) and low (LRS) resistance state, compared to OxRRAM, and by lower

programming currents [68]. In turn the OXRRAM has a high thermal stability and good cycling.

1.2.4.4. Impact of the oxygen from air on the CBRAM resistive switching

As showed before, the mechanism of a CBRAM can be a combination of cations and oxygen diffusion.
Therefore, we cannot rule out a possible impact of the environment, typically ambient air, on the resistive
switching mechanism of CBRAMs. Indeed, this environment provides an additional oxygen reservoir which
might influence the internal oxygen scavenging processes and oxygen vacancies formation in the oxide layer.
As a consequence, oxygen movements and corresponding oxidation/reduction processes might be modified.
This has already been mentioned in the literature for standard OxRRAMs [12-14].

D. S. Jeon et al. [12] have reported that the external oxygen from air can be incorporated in the top
electrode under positive bias application, causing chemical oxidation at the interface with the oxide layer
and consequently retarding the accumulation of oxygen vacancies responsible of the resistive switching. This
study was performed by the comparison between forming under ambient air and forming in a vacuum
chamber, using C-AFM and ToF-SIMs to characterize the sample. L. Goux et al. [14] showed that the thickness
of the top electrode and the operating environment have strong influence on the resistive switching and on

the stability of the device. In addition, Ding et al.[13] showed that under positive polarization in vacuum
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conditions, some oxygen outgases into the ambient air increasing the oxygen vacancies concentration in the

oxide and also at the top electrode/ oxide interface, resulting in a V.t decrease. This analysis shows that,

under vacuum, the oxygen scavenging at the top interface is enhanced, facilitating the forming process.
Knowing that a CBRAM can presents a hybrid mechanism, a similar study to that shown for the

OXRRAMs may be interesting to understand the role of the oxygen on the resistive switching.

1.2.5. Subquantum CBRAM

This thesis addresses the study of subquantum CBRAMSs. These cells contain an elemental
semiconductor such as Te in the active electrode and operate with reduced currents and less retention
failures of the LRS. Instead of using a filament containing a metal (Ag, Cu), these new memory cells are based
on the diffusion of Te in the electrolyte. The current required to program a standard CBRAM cell is directly
related to the conductance of a 1-atom filament (Guatom). For metals, Giatom is comparable to the quantum
Go=2e?/h, whereas for a semiconductor such as Te, it is sub-quantum (0.03 Go) enabling operation at low
currents as showed in Figure 1.18 (a) [8] and therefore low power while avoiding breakdown, providing also
higher endurance.
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Figure 1.18. (a) Comparison between the median programming current of the subquantum Te-based CBRAM
cells and of the Ag-based cells for target conductance ranging from 10 Giatom t0 1G1atom. , (b) Cross sectional
TEM of the subquantum cells. Adapted from Jameson et al. [8].

Jameson et al. [8] suggested that a possible resistive switching mechanism for a ZrTe/Al,05-based
device (Figure 1.18 (b) is the release of Te (semiconductor) induced by Zr oxidation as oxygen is scavenged
from the Al,O3 under the electric field. The proposed mechanism for Zr oxidation and Te release at the

interface is described by:

ZrTex + O— ZrO; + xTe 1.3
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These cells must contain a Te-based alloy thermally stable as active electrode and an amorphous

oxide as switching layer to provide the oxygen required for the replacement reaction 1.3.

The TiTex alloy is an interesting alternative for the active electrode of subquantum CBRAMs as it
features a retention behavior controlled by a similar critical conductance as that for ZrTe. Considering this
fact, a comparison between a cell with ZrTe and a cell with TiTe as active electrode is important to understand
the impact of the alloy composition on the resistive switching mechanism. The study of different active
electrodes can help the optimization of these devices. It is important to note that not all binary alloys of Te
favor the formation of a filament containing a semiconductor, i.e. exhibits a subquantum CBRAM behavior.

For example in the case of the CuTex based memory, the filament is formed preferably by Cu not by Te[48].

Table 1.2 shows a comparison of power and performance for flash, metal-based CBRAM (prototypal
cell) and subquantum CBRAM. The features of subquantum CBRAM compared to flash are: voltage operation
3 V lower, program energy 100 times lower, read voltage 2 V lower and speed operation 10 times faster.
Compared to metal-based CBRAM the subquantum CBRAMs present operating current and power as low as
10 pA/cell and 0.01 mW/cell (10 times lower compared to the metal-based CBRAM).

Table 1.2. Comparison of power and performance parameters for flash, standard metal-based CBRAM
(Prototypal cell) and subquantum CBRAM cells. Adapted from [72]

Giatom Read Program Current Program Power Program
Voltage voltage (nA/cell) Time (mW/cell) Energy
(V) (V) (ms/cell) (pJ/cell)
Floating gate 3-5 6-9 100300 | 1-10 0.5 1000
flash
Metal-based
CBRAM ~1Go 1 1-3 100-1000 | 0.01-0.1 0.1-1 1-100
Prototypal
(Ag/Cu-based)
Te-based 0.03
subquantum G 1 1-3 10-100 0.01-0.1 | 0.01-0.1 0.1-10
CBRAM °

For low-power applications as Internet of Things (loT) the ability of the subquantum CBRAM cells to
work at low voltage (around 3 V) in comparison to flash (around 9 V) is particularly interesting. For embedded

NVMs the program time 10 times lower than flash improves operating efficiency for these systems [72].
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1.3. Conclusion and Challenges

Taking into account the promising advantages of this new type of Te-based CBRAM, the focus of this

work is bringing answers about the resistive switching mechanism for ZrTe/Al,O3 and TiTe/Al,Os- based cells.

The assumptions of Jameson et al. showed electrical evidence of a Te filament formation during the
resistive switching, but the Te migration to form the filament has never been directly demonstrated. Studying
the resistive state-dependent chemistry in these Te-based CBRAMs requires advanced characterization
techniques as characterizing RRAMs is challenging because of the small amount of net change due to the
filament formation. Moreover, the changes most likely occur in a thin layer buried under a thicker top
electrode. This requires non-destructive characterization methods able to probe through thick capping layers
with high sensitivity. We have used hard X-ray photoelectron spectroscopy (HAXPES) to probe the buried
interface between the active electrode and the Al,Os layer. This technique enables non-destructive analysis
of the buried interfaces between realistic electrodes and insulating layer thanks to the much greater probing
depth [10]. The high sensitivity of this technique is also crucial to analyse the small changes that occur during
resistive switching. This technique has already been successfully used to investigate the redox reactions that

occurs during the resistive switching of oxide-based resistive memories and CBRAMs.

The CBRAM resistive switching mechanism is complex. A CBRAM cell can present a hybrid
mechanism, i.e. a combination of both CBRAM (ions diffusion) and OxRRAM (V;°* formation by oxygen
transport) mechanisms to form the filament. It is therefore necessary to investigate the depth distribution of
Te and O during the resistive switching. For that, depth profiling measurements (XPS and ToF-SIMS) have

been carried out.

In addition, the ambient air may also influence the resistive switching behavior of the CBRAMs cells
as shown in section 1.2.4.4. In-situ experiments (under vacuum) must therefore be compared to ex-situ

(under air exposure) to analyse the impact of the oxygen from air on the resistive switching.
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Chapter 2

2. Methods and techniques

The first part of this chapter describes the sample preparation: growth method, lithography and
circuitry for the ex-situ and in-situ studies of the cells. The second part presents the main experimental

techniques that have been implemented in this thesis work to characterize the samples.

2.1. Sample design and preparation

The sample development of this work was a collaboration. All of the samples described below were

entirely fabricated and optimized by the Department of Deposits (SDEP).

2.1.1. Stack geometry

The CBRAM cells are a metal/insulator/metal (MIM) structure where an electrolyte is inserted
between two metallic electrodes: the bottom electrode (BE) and the top electrode (TE). This active top
electrode is covered by a protective layer to avoid oxidation under air exposure. As described in chapter 1
the active top electrode is the ion source to the conductive filament formation and must be protected since
the oxidation level of this electrode can change the resistive switching mechanism. Two systems mentioned
by Jameson et al. [8] as the most promising, were investigated: ZrTe/Al,03 and TiTe/Al,03-based devices.

Figure 2.1 shows an illustration of the stacks analyzed and Table 2.1 shows a description of each
different sample composition used in this work. The round sample were used for ex-situ analyses and the
squares samples were used to facilitate the electrical contact on the top electrode for in-situ analyses (see
section 2.2.2.).

A sample with 2mm of diameter was used in this work to facilitate the XPS and ToF-SIMS
measurements and to avoid a possible influence of the oxidation at the edges. The thicknesses of the top
electrode and protective layer are also thinnest at the edges, due to the deposition process through a specific
mask. A relatively large sample enables selecting the center of the sample as area of analysis thus discarding

these edges effects.
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(a) Side view (b) Top view
Al,0;/Ta
TiN (TaN) -— - -
2 mm
ZrTe (TiTe) -
Al,0;/Ta
v
(4
2 mm
L

Figure 2.1. lllustration of the stacks analyzed in this work (a) side view and (b) top view (round and square
samples).

Table 2.1. Sample composition for each sample analyzed in this work

Protective layer Active electrode Electrolyte Bottom electrode
(5 nm) (5 nm) (200 nm)
ZrTe (15 nm)
TaN
ZrTe (5nm)
. A|203 Ta

TiTe (5 nm)

TiN (15 nm) ZrTe (10 nm)

2.1.2. Deposition method — PVD

The technique used to grow the layers of the memory cells was the physical vapor deposition (PVD).
Its principle is based on the formation of an atom vapor produced from a solid source (metal, metal oxide or
even polymer) in a vacuum chamber. This vapor is transported to the surface of the substrate to be coated,
where it condenses [73]. In this thesis two PVD processes were used: sputtering/co-sputtering and reactive

sputtering.
2.1.2.1.  Sputtering

This technique is widely used to deposit semiconductor materials as coatings on metallic, ceramic or
polymeric substrates. Energetic plasma particles bombard the surface of a solid target with enough energy

to eject one or more atoms. The ejected atoms are directed towards the substrate by an electric field, where
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they reorganize. The process occurs within a chamber in controlled atmosphere, in order to ensure quality
and reduce impurities. The energetic particles that induce the sputtering are inert gas ions (such as Ar?)
accelerated by the difference between the plasma potential and the cathode (target) potential as shown in

Figure 2.2.

In this technique, it is possible to use both metals and insulators as targets. However, sputtering using
a DC source is possible only for targets consisting of conductive materials. In the targets with low
conductivity, there is an accumulation of positive charges on the surface (due to gas ions), increasing its
potential and repelling further Ar* leading to the extinction of the discharge. For this reason, to induce plasma

formation on an insulating target, an alternating voltage source with frequency of the order of MHz is used

(RF sputtering)[73,74].
U
- Sputtering target
®
Art ‘. *°
(] o ° * \\ .
0. ® Sputtering target atom
o ® / l \
Sputteringgas ———> e —
— < Substrate
Thin film
| L=

Figure 2.2. lllustration of a sputtering PVD process.
2.1.2.2.  Reactive sputtering

The reactive sputtering process can be used to obtain thin films of simple elements, alloys or
compounds. Thin films are deposited on the substrate by sputtering the atoms from the target in the
presence of a reactive gas (e.g. N2, O;), usually mixed with the inert gas[74]. The stream of sputtered particles
passes through and reacts with the reactive gas: the product formed by the chemical reaction is thus directed
by the electrical field towards the substrate where it condenses. This process is usually used to deposit oxide
films (e.g. Al,03, SiO,) among others. For this, in addition to argon, O, or N is injected into the chamber with
a certain flow. This gas becomes reactive in the presence of plasma discharges due to collisions with energetic
particles and subsequently dissociates into neutral or charged atomic components. The stoichiometry of the

sample is established as a function of the flow [73].
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2.1.3. Sample fabrication

Figure 2.3 shows the fabrication process of the memory cells on a Si wafer using a shadow mask
technique. After the step 1, illustrating the deposition of the electrolyte and bottom electrode, the step 2
shows the fixing of the mask. In the step 3, the active electrode ZrTe or TiTe and protective layer (TiN or TaN)
are deposited. The step 4 exhibits the finished sample after the mask removal. The mask was a 100mme-silicon
wafer, and the holes (round and square) are drilled by laser with diameters of 1 mm and 2mm. The equipment
used for sputtering deposition is an EVATEC/OERLIKON Clusterline 200, which is an industrial equipment with
five deposition chambers, thus enabling the deposition of several layers without air break. The methods and

parameters used for the deposition of each layer are described in Table 2.2.

Al 05
Air break

Si

TiN (TaN) __TiN(TaN) |
[ zTe Tite) imask| ZrTe (TiTe) |

R
L0,

Figure 2.3.Deposition process of the CBRAM cells.

All parameters and methods applied for the deposition of the layers used in this work were defined
by the Department of Deposits (SDEP). The deposition of the active electrodes used a co-sputtering method
that consists in sputtering two targets at the same time to form the alloy. In this case a target of Zr or Ti and
a target of Te were used. The power density was adjusted to obtain the desired stoichiometry of 60% Te and
40% Zr (Ti). The parameters used for TiN, TaN, Ta and Al,Os; were based on reference tables provided by the

EVATEC/OERLIKON Clusterline 200 manufacturer.
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Table 2.2. Description of the methods and parameters used for the deposition of each layer.

Material Deposition parameters
TiN e Reactive sputtering of a titanium target, with a power density
PreEEie of 0.7W/cm?, an Ar flow of 25sccm and a N, flow of 35sccm
layer TaN e Reactive sputtering of a tantalum target, with a power density
of 5.7W/cm?, an Ar flow of 40sccm and a N; flow of 16sccm.
Active ZrTe e Co-sputtering of Zr (Ti) and Te targets using an Ar flow of
40sccm and a power density of 0.5- 0.7 W/ cm? and 0.8-1 W/
electrode ; ) . . . I .
TiTe cm? for tellurium and zirconium (titanium) respectively.

Electrolyte Al;0;

® RF sputtering of an Al,O3 target with an Ar flow of 40sccm and
a power density of 2.5W/ cm?

Ta

Bottom e Sputtering of a tantalum target with a power density of
electrode 0.7W/cm?, an Ar flow of 25sccm.

2.2. Electrical characterization

2.2.1. Ex-situ electrical characterization

The resistive switching was performed in ambient atmosphere using a Keithley 2635B and the Ta

bottom electrode was grounded. A linear voltage sweep was applied by an Au wire with minimum contact

force on the top electrode as shown in Figure 2.4. A standard electrical connection was not used for the top

electrode due to the ultra-thin alumina layer which can be easily short-circuited by mechanical or thermal

stress. The electrical contact to the bottom electrode was made with a W tip.

1| —()——

Au wire

TiN (TaN)
ZrTe (TiTe)

]

Si

Al,03 \ 4

Figure 2.4. Schematic of the setup for electrical characterization of CBRAMs cells.

For the forming and reset processes, the voltage was applied step by step from 0V until a maximum

voltage Vmax and the current was measured at each step using 0.1 V/s. The compliance current was chosen
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low enough to avoid permanent breakdown of the oxide but sufficiently high to induce significant ionic
diffusion, facilitating the detection of the defects by XPS and ToF-SIMS analyses. The specific value of this

parameter was determined choosing the largest possible compliance current that allowed resetting the

sample, i.e. a reversible resistive switching.
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Figure 2.5. Current - voltage (I-V) curve for the (a) direct forming and reset (under negative polarization) and
(b) indirect forming and reset (under positive polarization).

Figure 2.5 (a) shows a current-voltage curve characteristic of the resistive memories for the direct
forming (i.e under positive polarization) and reset step (i.e. under negative polarization). A reverse forming
(i.e. under negative polarization) and a reset under positive polarization were also performed, as shown in
Figure 2.5 (b). For the read of the cell resistance state, a ramp was performed from 0 mV to 50 mV, to prevent

changes in the structure. The current-voltage curve obtained for the reading is linear as it corresponds to the

Ohm’s law as shown in Figure 2.6.
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Figure 2.6. Current-voltage curve obtained for the reading of the TaN/ZrTe/Al,Os/Ta stack.

The geometry of the samples and the setup used for the electrical characterization make memory

cycling less stable in comparison to integrated memories for which the devices are smaller. This instability
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can be induced by a possible lateral oxidation of the sample or by not automated electrical measurements

which implies a lack of precision.

2.2.2. In-situ electrical characterization

We have developed the measurement protocol (mounting and electrical contacts) which allows the
electric field to be directly applied to the sample used for XPS, i. e. directly under ultra-vacuum. To achieve
the change in resistance in-situ, we have developed a way to electrically connect this stack in the ultra-
vacuum chamber of the equipment used for the XPS analyses (VersaProbe ll). Pictures of the assembly used

for in-situ switching are presented in Figure 2.7(a) and (b).

()

hv\" (b)

I photoelectrons

Cu tip
ALO, (5 nm) Au wire

Ag conductive glue
Ta (200 nm)

Sample (top electrode)
XPS analysis zone
XPS sample holder

il ;
— Si0, (1 nm)

Si

Figure 2.7 . (a) Schematic of the setup for in-situ electrical switching and characterization and (b) Assembly
on the XPS sample holder.

The sample is mounted on a specific sample holder adapted for analyses with in-situ electrical
polarization. This support has contacts located on the side where we can connect conductive wires. These
contacts are isolated from the central body of the support by two ceramics. Once this holder is placed in the
analysis chamber, it is linked to a connector located on the main frame of the equipment, where a voltage

generator can be plugged.

The sample is fixed on the holder via an isolating scotch (ultra-vacuum compatible). The electrical
contacts were done locally by approaching the top electrode surface with a copper tip with minimum contact
force, the tantalum bottom electrode was grounded and connected with a gold wire using a silver conductive

glue as shown in Figure 2.7 (b).
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2.3. X-ray photoelectron spectroscopy — XPS

X-ray photoelectron spectroscopy is an important experimental method for the study of the chemical
properties and electronic structure of molecules, solids and surfaces. XPS enables the identification of the

elemental and chemical composition of the sample through the core levels analysis.

2.3.1. Theory

X-Ray Photoelectron Spectroscopy (XPS) is a surface analysis technique, based upon the photoelectric
effect [75,76]. When a material is irradiated with a monochromatic electromagnetic X-ray wave with energy
hu, electrons are ejected with a kinetic energy (Ek) toward the analyzer. This principle is illustrated in Figure
2.8. The energy conservation law (equation 2.1), relates the kinetic energy of the photoemitted electron to

its binding energy (BE) and the x-ray photon energy.
Ek = hv — lEBl 2.1

Where: Ej: kinetic energy of the photoelectron (eV); hu: photon energy; Eg: binding energy (eV).

The electrons are ejected only if their binding energy (Eg) is less than the energy of the incident photons.

o€ (E)

Vacuum

__________ - Fermilevel

Valence band

252 Core
levels

Figure 2.8. Scheme of the issuance of the photoelectric process.
2.3.1.1. Three step model

The photoemission process can be divided into three steps, described in a model known as three step
model [77]. As shown in Figure 2.9 in the first step, the interaction of the photon with the atom, provides
enough energy for the electron to be removed. The second deals with the transport of this photoelectron
through the material until it reaches the vacuum level. Third, the photoelectron overcomes the surface

potential barrier, in the case of a conducting sample, the work function and is ejected into the vacuum.
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Figure 2.9 lllustration of the Three-step model of the photoemission process, from Hufner et al.[77].

The first step is governed essentially by the Fermi golden rule. For a system with N-electrons, this

equation gives the transition probability W of an electron initially in the initial state i with a wave function

ljJ’iV to be excited to a final state f with a wave function L|J¥ after absorbing a photon with energy hv:
21 ’ 2
Wip = — [} 1H' W) 6 (Ef — EY — hv) 2.2

where EN = EN™1 — EK is the energy values for the initial states and E}V = }V_l — Ein is the energy

values for the final states. EX is the original binding energy of the photoelectron with a kinetic energy of Erin
and a momentum k. H’ describes a perturbation i.e. the ionizing radiation field. Taking into account Ho as the

Hamiltonian of a solid in the ground state, this perturbation can be written using the dipole approximation:
H =D.E 2.3
Where D is the dipole moment and E the external electric field.

The Fermi golden rule describes the probability of transition for one electron. Thus the description

of photoemission intensity inside the material must take into account the contributions of each electron as

shown in the relation below:
g = 2riWri € Xpi |MFE| 2 2 |cmi| 28 (Exin + Em~* — EJY — hv) 24

where M}‘,L-=< ¢}‘|H’|¢£‘> is called one-electron dipole matrix element and |cm,i|2=

2
|(lj}$’n‘1 |L|J§V_1 )| represents the probability that the remaining (N-1)-electron system is at a eigenstate m
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after the ejection of one electron of the initial state i. From this relation it is possible to obtain the flux of

photoelectrons that could potentially be detected.

The step 2 is the transfer of the electron towards the surface. During this step, the photoelectron will
suffer different interactions as shown in Figure 2.10 (a). In the case |, the electron does not undergo any
inelastic scattering and consequently arrives on the surface with its initial energy Eo and contributes to the
main photoemission peak as shown in Figure 2.10 (b). In the case Il, the electron undergoes an inelastic
scattering and loses a quantized energy arriving at the surface with an energy (Eo - AE): it contributes to the
different satellite peaks and inelastic background. In the case lll, the electron can also be randomly subjected
to several inelastic scattering reactions and then contributes to the secondary electron (SE) background. SE
intensity at very low kinetic energy can be orders of magnitude higher than the elastic peaks. Finally, in the

case |V, the electron can be absorbed in the solid and never reaches the surface.

(a) Photoelectrons  (b)
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Figure 2.10. (a) Photoelectron-solid interaction process near the surface and b) Schematic representation of
a photoemission spectrum.

In the step 3, the photoelectron goes through the surface potential barrier, for a conducting sample
the work function, and is ejected into the vacuum. The work function for a solid is defined as the energy gap
between the vacuum level and the Fermi level of the sample. For a conductive material connected to the
spectrometer the Fermi level of the sample and of the spectrometer (Ps,) should be equal as shown in Figure

2.11 (a). In this case the energy conservation (equation 2.1), can be written as:

On the other hand, for an insulating material the emission of the photoelectrons causes a positive
potential (surface charging effect). Its occurs since there are no free electrons in the insulator and therefore
the (virtual) Fermi level of the material and of the spectrometer cannot be equilibrated as illustrated in Figure

2.11 (b) [78,79]. To compensate for sample charging, a beam charge neutralizer can be used or a binding
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energy calibration using a reference peak, i.e. the hydrocarbon surface contamination peak C 1s located at

284.8 eV [80].
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Figure 2.11 Energy level diagram of a XPS experiment for a conducting sample.

The photoemission process can be described also by a more accurate “one-step model” [81,82]. In
this model, it is possible to incorporate the three steps showed before into a single Fermi’s Golden Rule
transition matrix based on a quantum description. However the three-step model is simpler and allows a

physically more transparent visualization of the photoemission process.

2.3.1.2.  XPS spectra - core level peaks and background

The XPS spectra are the number of photoelectron counts versus their E; or Eg in a selected specified
range. Figure 2.12 shows a typical structure of an XPS spectrum. It consists of relatively narrow core-level
photoelectron peaks, peaks originating from X-ray excited Auger emission and a valence band structure. The
photoemission background associated to each peak depends on the characteristics of the sample, the
excitation source and the transmission characteristics of the instrument. It is formed by the secondary
electrons which have lost energy after undergoing inelastic scatterings. For a non-monochromatic radiation

of a laboratory X-ray source (X-ray tube) the spectra would be complicated by peak satellites and ghosts.
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Figure 2.12. Schematic representation of a photoemission spectrum. Adapted from Reinert et al.[83]

The binding energy of the core levels allows the identification of elements present at or near the
sample surface. A photoemission peak can be described as the convolution of a Gaussian and a Lorentzian
function. The FWHM (full width at half maximum) of the Lorentzian function is related to the lifetime of the

core hole by the Heisenberg’s uncertainty principle:
AE.At = h 2.6
where h is the Plank constant.

On the other hand the Gaussian function includes the contribution of the resolution of the analyzer,

kT and the FWHM of the X-ray line.

For the analysis of the core level spectra, it is essential to remove the continuous background to keep
only the photoelectric peak (or no loss peak) contribution. The withdrawal of the spectral background can be
done using different methods. For a more precise analysis of the core levels, a non-linear method, known as
Shirley, is preferred [84]. In practice the Shirley background is used to correct for inelastic scattering of
photoelectrons in the vicinity of the core-level peaks. The Shirley algorithm determines the background
intensity as proportional to the integrated peak intensity at higher energy with the condition that the
background matches the measured spectrum outside the region of the peak. The Shirley algorithm
determines the background using the areas (Al and A2) as show in Figure 2.13 for a Ti 2p spectrum to

calculate the background intensity S(E) at energy E:

A2 (E)

A1(E)+A2 (E)) 2.7

S(E)y=L+ k
where k is the step in the background (l-11).
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Figure 2.13. Shirley background of a Ti 2p spectrum.

2.3.1.3. Chemical shift

XPS allows the identification of the chemical environment of atoms by the chemical core level shift
[85]. The binding energy of an electron on a core level depends on the nature of the element and the
electronic level considered and can vary depending of the chemical environment. This difference AE can be

described as:
AE = —Ae + AE,giqxation + €V + AER 2.8
As = ke+qV 29

The term —Ac¢ is called chemical shift. It expresses the effect of the chemical environment of the
atom considered and reflects the initial state, i.e. before photoemission. Where k is a constant, e is the charge
of the atom and V is the potential of neighboring atoms. Considering an atom A in the presence of a ligand B
more electronegative (XA < xB), the ligand B attracts the electrons involved in the chemical bond with A. The
atom A then reacts by contraction of the deeper localized electronic levels, which increases their binding

energy of —Ae (with —Ag > 0 by convention) as illustrated in Figure 2.14 [86,87].
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%A <AB

Figure 2.14. Schematic of the initial state effect, before the photoemission. Contraction of the deeper
localized electronic levels of atom A in the presence of B.

The term AE exation reflects the final state of the system. The binding energy of the core electrons is
decreased by the contraction of the more external orbitals after the photoemission as illustrated in Figure
2.15. The contribution of the final state is very difficult to estimate but it is minority. In general, AE is
estimated taking into account only the term Ae. The term eVs reflects the effect of charges accumulating at
the surface for insulating layers. The term -AEr means a possible change of the position of the Fermi level in
the case of insulators and semiconductors. On the photoemission spectra, the chemical shift is materialized

by a shift of the peaks.

Figure 2.15. Schematic of the final state effect, after the photoemission. Contraction of the more external
orbitals.

Figure 2.16 shows a Te 3ds/; spectrum of a TiTe layer oxidized on the surface. The oxygen atom is
more electronegative than Ti, thereby the binding energy of the TeO; contribution is higher than the Ti-Te

bulk contribution.
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Figure 2.16. Te 3ds;; spectrum of a TiTe layer oxidized on the surface.

2.3.1.4.  Spin orbit splitting

47

Core levels in XPS are indicated using firstly the principal atomic quantum number n (n=1, 2, 3...etc).

This number corresponds to the main electronic layers around the nucleus of the atom. The second number

is the angular momentum quantum number | (1=0, 1, 2, 3 i.e. s, p, d, f respectively) and describes the orbital

angular momentum of the electron ejected. Finally, there is the angular momentum quantum number (j = |

+s) (where s is the spin angular momentum s (s = -% or %)). Therefore, core levels are identified by the

nomenclature nlj. A doublet related to two possible states with different binding energies is observed for all

orbital levels except for s-states (I = 0). This is known as spin-orbit splitting and occurs by the “spin-orbital

coupling” between the | and s. The degeneracy of each of these levels is 2j+1 as shown in Table 2.3. The

intensity ratio of the peaks is a function of the degeneracy. For example, for a 3d spectra, where nis 3 and |

is 2, j will be 3/2 and 5/2 and the degeneracy will be 4 and 6 respectively. Thus, the area ratio between 3ds,

and 3ds/; will be 2:3. Figure 2.17 shows an example of this splitting for the Te 3d peak measured on a TiTe

layer.
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Figure 2.17. Te 3d spectrum measured on a TiTe layer and illustration of the 3d spin-orbital slitting.

Table 2.3. Spin-orbit splitting j values and ratios of the peak area.

Subshell j=lts Area ratio
S 1/2 -
p 1/2 3/2 1:2
d 3/2 5/2 2:3
f 5/2 7/2 3:4

2.3.1.5.  Semi-quantitative chemical analysis and surface sensitivity

One of the most important information obtained by XPS is the relative chemical composition of the
sample. The intensity of a photoemission peak is proportional to the concentration of the corresponding

element, after subtraction of the background. For an element x in a homogeneous matrix of i elements, the

relative concentration C is calculated by the relationship:

Ix
Sx

Yt
5

where Iy is the intensity of its characteristic photoemission peak and s is the atomic sensitivity factor. The

atomic sensitivity factor is described by:

Sy = o4A4Hy [1 + ﬁZ—A (E sin? 0 — 1)]

2
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where H is the transmission function of the spectrometer, B is a factor taking into account the anisotropy of
the emission, O is the angle between the X-rays and the spectrometer, ¢ is the photoemission cross section

and A is the inelastic mean free path (IMPF).

® (Cross section o

The photoionization cross-section represents the probability of ionizing an orbital. It is a key
parameter in the quantitative analysis of a material by XPS. The value of this parameter depends on the

nature of the atom (atomic number) and the considered core level, as well as the energy of the photon.

The photoionization cross section o for a core level i under a linear polarized light can be described

as:
d l i .
% = (:—n) [1+ BP,(cosB) + (y cos?6 + &§)sinb cos @] 2.12

Where P, (x) is the second order Legendre polynomial, B the energy- and subshell-dependent
asymmetry parameter of the photoelectron angular distribution, @ is the angle between the electric field and
the photoelectron direction, and ¢ is the angle between the X-ray direction and the plane passing through
the electric field vector and the photoelectron direction[88]. Figure 2.18 shows that the photoionization
cross-section decreases with the increase of the photon energy [89,90]. In this work, we have used the
theoretical calculations of Trzhaskovskaya et al [89,90] for the HAXPES analyses as shown in Figure 2.18 for
Te. On the other hand the quantification of XPS analyses (with a photon energy of 1486.7 eV) was performed

using Scofield’s values of photoionization cross-sections[91].
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Figure 2.18. Subshell photoionization cross section for Te 2s, Te 2pis, Te 2pssp, Te 3ds;, and Te3ds;; as a
function of the photon energy from Trzhaskovskaya et al. [89,90].

e |nelastic Mean Free Path (IMFP) A

The IMPF is the average distance traveled by a photoelectron in the solid between two inelastic
collisions. It is a quantity which depends on the material, as well as the kinetic energy of the photoelectron
emitted. Therefore, the IMPF will be different for all core level peaks of a given element. The dependence of
the IMPF versus the KE of the photoelectron is approximately given by the empirical universal curve [92,93]
showed in Figure 2.19 The universal curve is an empirical curve but there are models proposed in the
literature that consider the characteristic of the different materials in the IMPF calculation. For example a

more accurate value can be calculated by the Tanuma-Penn-Powell (TPP-2M) formula [94]:

_ E
= B -G (o) 213

The terms of the equation are given by:

B=—-00216+—2 41739 x107% p 2.14
(Ej +E§)?

y = 0.191p7 05 2.15

€= 197 - 091U 2.16

D =53.4—20.8U 217

U= Ne_ E 2.18
M 829.4
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where E,=28.8(N,p/M)*? is the free electron plasmon energy (in eV), Nv is the number of valence electrons
per atom (for elemental solid) or molecule (for compounds), p is the density (in g.cm™), M is the atomic or

molecular weight and Eg is the bandgap energy (in eV).

As shown in Figure 2.19 for electrons with kinetic energies higher than 70-100 eV, increasing the
kinetic energy of the photoelectron increases the IMFP. The tendency is reversed at lower energies (less than
70 eV) since the electron has too low an energy to cause plasmon excitation, consequently the probability of

inelastic scattering decreases and the IMFP increases.
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Figure 2.19. Universal curve representing the IMFP as a function of the kinetic energy of the photoelectrons.
Adapted from Seah et al. [92].
2.3.1.6.  Depth information

The contribution of a surface layer (with a thickness z) to the XPS peak intensity follows the Beer

Lambert law [95]:

=1, [1— e #/4smf] 2.19
where 6 is the angle between the surface of the sample and the collected electron trajectory, A is the inelastic
mean free path and I, is the intensity collected for an infinite thickness. Figure 2.20 shows the connection

between analysis depth and IMFP.

Chapter 2. Methods and techniques




52

The intensity from buried atoms is attenuated. The value of the inelastic mean free path A plays a
leading role by limiting the thickness of analysis. Finally, as a layer of thickness d = 3 Asin6 contributes to 95%

of the measured signal, the analysis depth is estimated by:

d =3Asin@ 2.20

"N L
W N B/ .

sample
Asin@

\4 2Asin@ \
\/ 3Asin@

Figure 2.20. Intensity of the emitted electron as a function of depth of analysis.

The thickness probed in laboratory XPS with a monochromatic Al Ky, source (hv = 1486.7 eV) never
exceeds 10 nm (A~2-3nm) for normal detection. This makes XPS a surface analysis technique. To increase the
depth of analysis, it is necessary to use a source of hard X-rays (typically hv >2 keV). In these circumstances,
the increase of the photoelectron kinetic energy increases their mean free path and consequently increases

the analysis depth as shown in the equation 2.20 and Figure 2.19.

However, Figure 2.18 shows that the photoemission cross section decreases at high energies of
photons. Therefore, X-ray sources with a high brightness such as synchrotron sources must be used to
compensate this decrease thus allowing to increase the depth sensitivity whilst maintaining reasonable

statistics.

2.3.2. XPS Instrumentation

2.3.2.1. The ultra-high vacuum

XPS analysis requires an ultra-high vacuum (UHV) (~ 10° Torr / 107 Pa) system. It is necessary to
prevent the interaction between the ejected photoelectrons and gas molecules between the sample surface

and the analyzer, as well as to reduce the presence of contaminants on the samples surface.
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2.3.2.2.  X-ray sources

o X-ray tube (laboratory XPS source):

Figure 2.21 (a) shows a schematic of an X-ray source. A current of a few amperes (2-4 A) passes
through a filament of tungsten (cathode). The filament heating causes the emission of electrons by
thermionic emission. These electrons are accelerated by a high voltage (typically 10-15 kV) and impinge on
the anode (Al or other materials). The electron-anode interaction generates an X-ray emission spectrum,
containing background noise, called bremsstrahlung, along with the sharp peaks (K-shell emission radiation)
related to the electronic structure of the anode metal as shown in the Figure 2.21 (b). In the case of an Al
anode, a window also in Al is placed in front of the anode. It reabsorbs part of the bremsstrahlung and
transmits almost all the Al Kot lines. The X-ray used in this work was Al Kai; (hv = 1486.6 eV) generated by

the electron transition between the 2p orbital (L shell) and the 1s orbital (K shell).

(a) ) e imensi
Focal spot on :-)cf g(l_r: ‘: ety
Filament and tungsten target Glass envelope y
electron cloud Vacuum ‘
V e |
o / SN characteristic radiation
Electronic || ~“7/—"- Y, \ maximum
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Cathode (-) Tibé \ Anode (+) bremsstrahlung
window Useful x-ray beam - - T

0 50 100 150
photon energy/keV

Figure 2.21 (a) lllustration of an X-ray tube source, from [96] (b) X-ray emission spectra.

The photons emitted are not monochromatic and can be selected in energy via a monochromator to
improve the resolution and eliminate the annoying satellite rays contribution. The quartz crystal
monochromators are based on the diffraction process according to Bragg’s law as shown in Figure 2.22. This
device decreases the photon flux but improves the energy resolution of the measure. The typical FWHM of
a monochromated Al Ko source is 250 meV. However, laboratory sources are limited to a few strong X-ray
emission lines: Mo, Al and Si are the most common, all delivering X-rays below 2 keV. For higher energy X-
rays, synchrotron radiation is necessary, delivering a continuous spectrum allowing tuning of the photon

energy.
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Figure 2.22 (a) lllustration of the working principle of a quartz crystal monochromator. Adapted from Specs
[97].

As discussed before in section 2.3.1., for an insulating material the emission of the photoelectrons
causes a positive potential (accumulation of positive charges at the surface). For a non-monochromated
source there are usually a sufficient number of electrons at the surface of the sample to compensate this
accumulation. However, for a monochromated X-ray source there are less electrons to control the charging.
Therefore, it is necessary to minimize the positive charges using a low energy electron neutralization source
as shown in Figure 2.23. This source is a flood gun that uses thermionic emission of low energy electrons near

the sample to compensate the accumulation of charges at the surface [98].

Filament

Electrons optics

Insulating sample

Figure 2.23 lllustration of an electron flood gun.

e Synchrotron radiation:

As shown in Figure 2.24, the first part of a synchrotron is constituted of an electron gun and a linear
accelerator (preinjector). Electrons emitted by the electron gun, travel into the linear accelerator (Linac)

where they are accelerated to higher energies (MeV) depending on the facility. In the booster ring, the
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electrons receive a boost in energy and they reach several hundreds of MeV or even few GeV. After this step,
the speed of the electrons is approximately the speed of light and they are injected in the storage ring. Once
in the storage ring, the electrons are kept circulating with constant energy for many hours producing photons

(so-called synchrotron radiation).
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Figure 2.24. Schematic view of a synchrotron radiation facility. Adapted from NSRRC [99].

The storage ring is made of: quadrupole and sextupole magnets, bending magnets, and insertion
devices (undulator, wiggler) as shown in Figure 2.25. The electrons are forced to follow a closed orbital
trajectory guided by the magnetic field of the bending magnets. During each turn, the electrons lose a part
of their energy thus emitting synchrotron light. This energy is regained in the RF cavities. The quadrupole
magnets, made of four magnetic poles, are used to focus the electron beam, acting like magnetic lenses.
Sextupoles with six magnetic poles rather than four can also be used. An appropriate arrangement of
sextupole and quadrupole magnets can improve the focusing system and decreases the beam size. The
improvement of the brightness of the synchrotron radiation was made by the insertion of wigglers or
undulators in the straight sections of storage ring joining two successive bending magnets. These elements
present in the third generation sources, are formed by several permanent magnets that imposes a sinusoidal
trajectory to the electrons, generating synchrotron radiation in addition of the bending magnets. The wiggler
emits intense radiation over a wide spectral range but the radiation from different wiggles add incoherently
of the radiation from each oscillation. On the other hand, in undulators, the small-amplitude oscillations from
the passage of a single electron produce a coherent addition of the radiation from each oscillation. As most
of the scientific studies usually need a very narrow range of wavelengths the most modern machines

preferentially use undulators instead of wigglers[100-103].
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Figure 2.25. lllustration of some main elements found in a storage ring (a) bending magnets, (b) quadrupole

and sextupole magnets, from PSI [104] (c) wigglers and (d) undulators, from Desy [105] .

The energy range produced in the storage ring can be between IR to hard X-rays. After the production

of the synchrotron radiation, monochromators, filters, mirrors, are used in the beamline to tune the photon

beam energy and focus the beam on the sample at the experimental station. Figure 2.26 shows a schematic

of the BL15XU (Spring-8) and Galaxies (SOLEIL) beamline. The beamline details are showed in Table 2.4.

(a) BL15XU
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Figure 2.26.Schematic diagram of the (a) BL15XU, from [106] and (b) GALAXIES beamline, from [107].
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Table 2.4 BL15XU [106] and GALAXIES beamline[107] details.

Beamline Beamline
Source type Out vacuum revolver type undulator
Energy range Hard X-ray (2.2-10 keV)
Beam size 40 pm (V) x 70 um (H)
BL15XU 5
Photon flux ~10'2 photon/s
(Spring-8)
Monochromator | Si(111) and Si (311) double-crystal with liquid nitrogen cooling and Si
(111) channel-cut monochromators
Mirrors Two Rh-evaporated mirrors (70cm length, reflection direction is
horizontal)
Source type U20 in-vacuum undulator, 20 mm magnetic period with 98 periods
Energy range 2.3-12 keV
Beam size 30 um (V) x 80 um (H)
Micro-focusing: 10 um (V) x 10 um (H)
GALAXIES
Photon flux 3.0 10! photon/s at 10 keV
(SOLEIL)
Monochromator | Double-crystal Si (111) liquid-nitrogen-cooled fixed-exit (DCM)
monochromator
Mirrors Spherical collimating mirror (M1), R = 8.8 km; Si substrate with C and

Pd coatings

Toroidal focusing mirrors (M2A, M2B), R = 1.29 km, p = 30 mm; Si
substrate with Pd coating

57

For the BL15XU beamline, an additional channel-cut monochromator is used to provide high-energy

resolution for the HAXPES analysis (less than 250 meV). Therefore X-rays (2-10keV) used for the HAXPES

measurements are obtained by the combination of the undulator, a DCM, and a channel-cut

monochromator[106].

For the GALAXIES beamline, the first energy selection is performed by a fixed-exit Si (111) double-

crystal monochromator (DCM).
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2.3.2.3.  Electron analyzer system

The electron analyzer system can be divided into three parts:

e Entrance optics:

In this part of the system the electrons are collected, transmitted and accelerated or retarded to a

pass energy (Ep) and focused toward the entrance slit of the hemispherical analyzer.

e Analyzer:

The electron hemispherical analyzer is illustrated in Figure 2.27. It consists of two concentric
hemispheres of R; and R; radius, covered with a conductive coating. The median radius is Ro. The application
of a potential difference (V»-V1) between the hemispheres gives rise to a radial electric field that defines the
trajectory of the photoelectron. The geometry and the potential difference define the pass energy of the

analyzer (E,) according to:

e (V,—Vp)

(ﬁ_ﬂ)
R1 R3

E, = 2.21

7

1 f \ 128 channel detector

A

Slit Plate Slit Plate _ XPs Q‘atiw :if‘m:e
with width with width ‘
w W FL
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Figure 2.27. Schematic of a (a) hemispherical analyzer geometry, from Santana et al. [108] and (b) analyzer
coupled to a 128 channel detector (MCD) (PHI 5000 VersaProbe Il (Physical Electronics) detector).

Ea is the energy that must have an electron entering the analyzer to emerge with a median radius
trajectory Ro. Electrons with a kinetic energy greater or less than E, collide with the hemispheres. The
analyzer energy resolution AEanaizer plays a crucial role in the analysis of the binding energies. In practice, the

components of a spectrum cannot be separated if their offset in binding energy is less than this resolution.
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The AEanayzer depends on E,, Ro, the solid angle of the retarding lenses ( 8a) and W the entrance slit size as

shown in the expression below:

AE_ W 2
L= (80) 222

The reduction of the slit size improves the resolution. On the other hand, this reduction degrades the
counting rate and therefore the signal-to-noise ratio. A compromise must therefore be found between

resolution and intensity for each different analysis.

o Detector

In the detector, the electrons are collected and counted using several aligned channeltrons (electron
multipliers) or by using a multichannel plate (MCP). For the XPS analysis of this work, the photoemission
spectra are obtained using a 128-channel detector (PHI 5000 VersaProbe Il) as illustrated in Figure 2.27 (b).

For the HAXPES analysis the photoemission spectra are obtained using a multi-channel plate coupled
to a charge coupled device (CCD). This system is used as it yields high speed recording and very high spatial

resolution.

2.3.3. XPS in-depth analyses

As we have seen in section 2.3.1., XPS is a surface technique with a limited probing depth, typically <
10 nm. Therefore, for this study, we have used hard X-ray photoelectron spectroscopy (HAXPES) to probe the
buried interfaces involved in resistive switching as well as XPS depth profiling using GCIB (gas cluster ion

beam) to investigate the elements migration in-depth.

2.3.3.1.  Hard X-ray photoelectron spectroscopy - HAXPES

The use of synchrotron radiation has several advantages compared to common laboratory X-ray
sources. The increase of the photon energy to hard x-rays (HAXPES) increases the kinetic energy for the same
core level emission and hence increases the IMFP giving to HAXPES a higher bulk sensitivity than XPS. Besides
that, the synchrotron radiation provides a higher photon flux and the possibility of focusing the X-ray beam
into a small spot. The brightness is one of the key parameters to compare the quality of the X-ray beams from
different sources. It depends on the number of photons emitted per second (photons/s), the angular
divergence of the photons (mrad), the cross-sectional area of the beam (mm?) and the relevance of spectral

distribution (0.1% of the bandwidth- BW) as described in the relation below:
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Figure 2.28. Histogram of the synchrotron radiation sources evolution. Adapted from [109].

Figure 2.28 shows a plot of X-ray source brightness from 1900 to the present day. Knowing that the
photoionization cross section decays rapidly with increasing photon energy as showed before in Figure 2.18,
the advances in high brightness offered by third generation sources shown in Figure 2.28 were crucial to

compensate this limitation and allow the study of deeply buried interfaces using hard X-rays[10,100].

Finally, another advantage of the synchrotron radiation is the tunability of the photon energy,
allowing to successively probe the system with surface or bulk sensitivity. Figure 2.29 shows a comparison of
depth sensitivity at different photons energies for a Si layer oxidized on the surface. The increase of the
photon energy promotes an increase of the bulk contribution (grew line) in comparison to the surface layer
contribution (red line) in the Si 2p spectrum. In the case of the resistive memories mechanism study, HAXPES
enables non-destructive analysis of the buried interfaces between realistic electrodes and insulating layer

thanks to the much greater probing depth.
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Figure 2.29. Si 2p spectrum measured on a Si layer at different photon energies. Adapted from Philippe et

al. [110].

e Recoil effect

The recoil effect is an important point to take into consideration in HAXPES experiments. This effect
is associated with the momentum conservation. The recoil energy AE is the transferred energy to the emitter
atom of mass M when the photoelectron of mass m is emitted with a kinetic energy Ekin. Taking into account

one atom in vacuum, the shift towards higher energies can be estimated as:

AE = Eyin (3) 2.24

The recoil energy is not important in XPS analysis where the momentum transfer is very low. On the
contrary, for HAXPES this effect becomes non negligible and can induce a AE comparable to the chemical

shifts depending on the mass of the atom analyzed [111,112].

e Description of the HAXPES set-up used to analyze CBRAM cells

HAXPES experiments were performed at the BL15XU beamline of the Japan Synchrotron Radiation
Research Institute (SPring-8) [106] and at GALAXIES beamline of the Synchrotron SOLEIL (Saint

Aubin)[107,113]. Table 2.5 summarizes the characteristics of the HAXPES set-up for each synchrotron source.
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Table 2.5 Instrumentation and experimental parameters of HAXPES measurements

; Spot size
Synchrotron Beamline ALl A7y Analyzer
energy (eV) (meV) 2
(nm?)
Spring- 8 BL15XU 7935.7 243 300 x 40
6900 110
VG Scienta R4000
SOLEIL GALAXIES* 8000 160 500 x 30
10000 210

*the experiments were performed using the DCM at third order.

These measures using high energy, high brightness and high resolution have enabled the analysis of
the buried layers such as: active electrode, electrolyte and bottom electrode of the CBRAMs cells as well as

the interfaces that have a key role in the switching process.

The IMFPs were estimated with the Tanuma equation [94]. These values were obtained by averaging
the IMFPs estimated for each layer crossed by the photoelectrons during their transport toward the surface.
The average was weighted by the thickness of each layer. For example, the relation below shows the

estimation of the A for Al 1s photoelectrons considering a stack of TaN/ZrTe/Al,Os.

_ [( raLTan % dran)+( Al zrTe X erTe)+( AAlL Al 03%d AL, 03)]

A Al1s 2.25

(dran+ dzrre+ dai,05)

where Aairan » Malzrre and Aajai,o, are the IMFPs estimated in the TaN , ZrTe and AlOs; layers

respectively as well as drqy, dzrre and dyy, o, are the thickness of each layer.

2.3.3.2.  Depth profiling - GCIB

As XPS is a surface analysis technique, sputtering using conventional monoatomic ions beams is often
used to probe the bulk of materials. XPS combined with sputtering to etch the material between analyses
cycles, i.e. XPS depth-profiling enables the study of multilayer samples and provides information of the
element’s distribution. However, the use of monoatomic ion beam may cause preferential sputtering which
change the chemical composition of the probed material. Preferential sputtering occurs in multi-component
samples where an element will sputter more efficiently than the others. This phenomenon is governed mainly
by the atomic mass and binding energy of the sputtered atom. Usually preferential sputtering occurs for

atoms with low mass and low surface binding energy[114,115].
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Recently, the cluster ion sputtering system has received attention as an alternative method to solve
the problems related to the chemical damages occurring during monoatomic ion sputtering. The advantage
of a sputtering process with gas cluster ion beams (GCIB) is that they involve low-energy individual atomic
interactions decreasing the preferential sputtering. The energy of each atom in a cluster is equal to the total
energy of the cluster divided by the number of atoms therefore a cluster ion beam produces low-energy
irradiation effects. For example, a cluster ion with 1000 atoms and a total energy of 10 keV, has individual
atoms with an energy of only 10 eV. It is difficult, to obtain a monoatomic ion beam with low energy and high
ion current, taking into account the divergence caused by the space charge effects. Thus, the use of GCIB can

be very useful as a low-damage method of sputtering. [116].

Figure 2.30. Comparison of the impact of a monomer ion beam (B) and a cluster ion beam (Bo), from Toyoda
etal. [117].

For the impact of gas cluster ions, thousands of atoms simultaneously bombard the sample
promoting multiple collisions near the surface. This process induces different irradiation effects in
comparison to monomer ions such as: amorphous formation, penetration depth, sputtering, and energy
deposition.

Figure 2.30 shows a molecular dynamics simulation (MDS) of the impact of a B monomer and By
cluster ion into Si with energy of 5 keV. The comparison shows significant differences in the penetration and
in the displacements produced. For Bio the penetration range is shallower and only the extreme surface is
damaged, whereas for a similar energetic monoatomic ion beam, the primary ions penetrated deeper into
the sample. [116]. While monomer ions promote a linear-cascade collision, the GCIB impact causes multiple
collisions, i.e. nonlinear collisions near the surface. As a consequence, this method of sputtering results in a

high sputtering yield, lateral sputtering and low-damage processing.
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Figure 2.31. Impact of the energy per atom on the solid surface for: (a) 1 eV/atom, (b) 5 eV/atom, and (c) 10
eV/atom, from Toyoda et al. [117].

The appropriate energy and amount of atoms have to be selected according to the studied material.
First of all, a sufficiently high number of atoms composing the cluster has to be chosen to reduce the
deterioration depth. Another important parameter to take into account is the energy per atom. When too
high, damage will be gendered. When too low, there is a risk that the incident energy doesn’t overcome the

surface binding energies and that nothing will be sputtered as show in Figure 2.31.
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Figure 2.32. Diagram of the cluster ion beam irradiation system. Adapted from Yamada et al. [116].

Figure 2.32 shows a schematic diagram of the cluster ion beam iyamadarradiation system. Adiabatic
expansion of a high-pressure gas through a nozzle is utilized for the formation of Ar gas cluster beams. When
a supersonic flow ejects from the nozzle, shockwaves are generated. These shockwaves disturb the
generation of neutral cluster beams. To avoid formation of such shockwaves, the skimmer (Nozzel) was
developed. The skimmer extracts the core of the supersonic flow and the cluster beam is introduced into
high vacuum. The neutral clusters are ionized by the electron bombardment. The ionizer consists of filaments
and anode. Electrons ejected from hot filaments are accelerated toward the neutral cluster beam and ionize
clusters. The ionized clusters are then extracted and accelerated towards targets. When an energetic cluster
of several hundreds of atoms impacts upon a surface, it interacts nearly simultaneously with many target

atoms and deposits higher energy into a very small volume of the target material.
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2.3.3.3.  Description of the XPS sputtering method applied to analyze CBRAM cells

XPS depth profiling was performed using a PHI 5000 VersaProbe Il (Physical Electronics) equipped
with a monochromatic Al Ky source (hv = 1486.7 eV). The pass energy was set to 47 eV, giving an overall
energy resolution of 0.75 eV, with an emission angle of 45°. To compensate for sample charging, in particular
when analyzing the insulating Al,Os layer, a dual beam charge neutralizer was used. XPS depth profiling was
carried out using an argon gas cluster ion beam (GCIB) with 2500 Ar atoms per cluster, a current of 20 nA, a
raster area of 2mm*2mm, ensuring uniform sputtering of the analyzed area, and 20 kV accelerating voltage

corresponding to an energy of 8 eV per atom.

2.4. Time-of-Flight Secondary lon Mass Spectrometry - ToF-SIMS

2.4.1. Principles

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) is a destructive technique used to
identify and dose the chemical composition of solid surfaces. In comparison to most of the existing
characterization techniques, it gathers high performances in term of sensibility, chemical and spatial

resolutions as shown in Table 2.6.

Table 2.6. ToF-SIMS characteristics [118]

Performance
Chemical detection e Full periodic table detected
e All molecular species
Sensitivity ® ppm
Mass resolution e m/dm > 3000
® ex: m/dm =3971 for **SiH”* (30.9816 u) and 3'P7* (30.9738 u)
Lateral resolution ® <um
Depth resolution * ~nm
Samples compatibility e Analysis of inorganic/organic conductive/insulating materials

ToF-SIMS is a complementary technique to XPS. While XPS depth profiling allows the identification
of the chemical states and a semi-quantification of the elements in-depth, ToF —SIMS, in turn, provides in-
depth profiles with a high depth resolution (< 1nm) and with a better sensitivity (< 10 ppm) [11]. These
characteristics are essential to study the small changes that occur during the resistive switching and the

elements diffusion under the bias application.
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SIMS consists in bombarding a surface with charged primary ions (mono or polyatomic) of a well-
known energy (in the order of keV). Part of these ions are scattered but for the majority of them, they induce
collisions, transfer the incident energy to the sample surface, break the atomic bounds and pulverize the top
layers. The emitted particles are mainly neutral (99%) but some are still positively or negatively charged ions.
Since part of the sample is withdrawn during the analysis, this technique is destructive. The secondary ions

detection provides then chemical and elementary information on the top layers of the inspected sample.

ToF-SIMS presents an analysis approach different from the magnetic or quadripolar SIMS for which
the ions are successively selected in agreement with their energy. A Time-of-Flight analyzer is here used to
measure the time taken by each of the extracted particle to travel through a field-free drift tube under Ultra
High Vacuum (UHV). After their projection, the ions are extracted and accelerated by a fixed potential toward
this chamber clear of electromagnetic field. The ions travel with a constant speed and are separated
according to their mass and charge. The frictional and gravity forces inside the tube are negligible because of
the low masses and the high speeds. The high vacuum guarantees the quasi total absence of collisions

between ions.

The Time of Flight is directly related to the nature of the ions by the following equation:

m
T 2.26

Where L is the length of the detection chamber, m the ion mass, z the charge of the ion, and Eg is the
secondary ion acceleration voltage. The counts of ions per second detected at the end of the flight can thus

be represented on a spectrum and translated into a mass spectrum as shown in Figure 2.33.
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Figure 2.33. (a) lllustration of the ToF-SIMS analysis (b) Mass spectra generated by the pulse of primary ions.
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The mass resolution is expressed by the ratio m/Am and is equivalent to tror/2A1or. The Aror is related
to the pulse width of primary ions and also to the kinetic energy difference for secondary ions with the same
ratio (m/z). This mass resolution can be improved by reducing the pulses width, using a pulse time

compression. The mass resolution varies between 300 and 10 000 and depends on the analyzed ion.

In this thesis, measurements were done using the depth profiling mode. To get information about
the in-depth sample composition, a “dual beam” is used. The first rastering beam with a low energy (from
150eV to few keV) is used to sputter the sample (i.g. Ar*, Ga*, Cs* or O,* ). The second one has a higher
pulsed energy (15 to 25 keV) and analyzes the top layers. In this way the composition of consecutive layers
is evaluated, and a depth profile is realized. The intensity spectrum for different elements is obtained as a
function of sputtering time. It can be converted in a thickness unit if we know the erosion speed (V) of the

sputtered matter using the following equation:
Dlayer =V tTOF 2.27

The Dual Beam cycle is represented on the Figure 2.34. Sometimes it can be necessary to use an

electron gun (flood gun) to compensate the charges accumulated on the surface.

(a) (b)

Charge
Compens.

0 100 200 300
Sputtering time (s)

15-90 ps ~»

—~ 10tk 0OCs,’
| 110 m=100 m=1000 1 *2
sputter analysis Spectrum /’.\
beam beam g 10°F e
° 50 100 ps o Tit
Analysis <ins el L I
Gun T cycle ime | > 10° /”/ M
= 107 )
w
Extraction ﬂ‘f-‘ﬁv! [ ‘d:)
= 10°
Sputter 15,90 us——l ]* -
It 10°

Figure 2.34 (a) ToF-SIMS dual beam depth profiling illustration, from Grehl et al. [119], (b) ToF-SIMS depth

profile.
The signal intensity of the detected secondary ions can be expressed by the following formula:
Im= L, ym a*/~ 6,y 1 2.28

where I is the secondary ion current of species m [A], I, is the primary ion flux [A/cm?] € [10%10®], ym is
the sputter yield y =[emitted ion]/[incident ion], a*/" is the ionization probability€ [103;10®], By is the
fractional concentration of species m in the surface layer and n is the transmission of the analysis system €

[0.9;0.95].
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The secondary ion current depends on two fundamental parameters: the sputter yield y,,, and the
ionization probability a. Both are relatively low and vary according to the sample characteristics. The sputter
yield is expressed as the ratio between the total number of emitted particles of species m (neutral and ionic)

and the total number of primary ions[118].

The processes involved in the atoms ionization are not well understood. Different models have been
proposed to explain the ionization process i.e. secondary ions formation mechanism. The two most
commonly used models describing ionization are the tunneling model and the bond breaking model. The
tunneling model is applied to conductive or semiconducting samples. In this case during the interaction of
the primary ions with the surface atoms, there is an exchange of electrons which favors the ionization of the
atoms. Whereas for ionic bonds (A*B’) the dissociation can be explained by the bond breaking model where

the incident energy of the primary ions is sufficient to break the ionic bonding.

A Cesium gun favors the reduction of the top layer and so the extraction of electronegative

atoms[120], whereas an oxygen gun promotes the oxidation and thus the extraction of electropositive

atoms[121].
Oxidation process with 0;: M - M* + e~ 2.29
Reduction process with Cs*: M +e™+ Cs'—> M~ 2.30

In this way we can choose to analyze more specifically negative or positive ions by selecting the
appropriate gun. The Figure 2.35 shows the relative efficiency of the sputtering for each atom regarding the

primary ion gun.
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Figure 2.35. The yellow compounds are electropositive and will be better sputtered with O," into positive
ions. The green ones are electronegative and extracted as negative ions with Cs*,from [122].
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There is also a second process consisting in the recombination of neutral chemical species M with
the reactive Cs*. When entering in contact with the surface, the primary ions form some clouds of matter

where neutral particles gathered with the incident ones and create MCs* or MCs,* compounds as shown

below:
Dimer: M + Cst > MCs™ 2.31
Trimer: MCs* + Cs* > MCs5 2.32

The ionisation yield for MCs,* is higher in comparison to the atomic element M, but this method is

limited only to Cs* bombardment[123].

2.4.2. ToF-SIMS instrumentation

Figure 2.36 shows the geometry of the ToF-SIMS V (IONTOF) used in this study with the analysis
chamber, the two ion sources tilted at 45° with respect to the normal of the sample, the time of flight analyzer
and detector. The instrumentation presented below is related to ToF-SIMS V instrument used to analyze the

samples of this thesis.

Time-of-Flight Analyser

Liquid metal ion gun Dual source columm

Cs source

El source

Sample

Figure 2.36. Schematic of the ToF-SIMS used in this work with the two ion sources tilted of 45° with respect
to the normal of the target.
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2.4.2.1. Primary ion guns

There are two kinds of primary ion guns. The analysis sources are pulsed and used to get spectrometric
information about the surface. On the other hand, the sputtering sources deliver continuously primary ions
in order to dig the surface and get a volume information. Both sources are associated with an optical column

composed of electrostatic lenses used to focalize correctly the beam onto the surface.

e Liquid Metal ion gun (LMIG)

The Liquid Metal ion gun (LMIG) is used as primary ion source. With this source it is possible to
generate monoatomic Ga, and Biion beams or polyatomic (i.g. Bis*) ion beams. Figure 2.37 shows a schematic
of a LMIG emitter. The first step of the process consists in heating the metal inside of a needle (e.g. Ga, Bi)
to a liquid state using a heater filament. A positive voltage (around 10 keV) is applied forming a Taylor cone
between the tip of the needle and the extractor due to the potential difference. The stream of positive
charged ions induced by the field is then selected by deflection plates to obtain a single type of aggregate in
the beam i.e. Bi* or Bis*. During this phase, the flux is also deflected to assure the pulsing. The ions entering
the first deflection plate with different m/z, travel at different velocities. The ions with desired m/z can be
selected by the application of a deflection pulse equal to the time that takes an ion to reach the center of the
second plate. A pulsed primary ion beam pulsed is necessary since the analyzer works by measuring the time
of flight and the mass resolution depends of the pulse width. The mass resolution is improved by using short
pulses (usually 1 ns or less). However, the use of a short pulse decreases the beam intensity. To solve this
problem, a relatively longer pulse is applied (~20-40 ns), but with an additional buncher placed after the
deflection plates to group the ions. As a result, the ion packet hits the sample over a shorter pulse.

Extractor

Bi reservoir Pulser Charged plates Target

Tip
Heating current Defletlng plates
Bi,*

e B O me— :_/_ _____________

J\
| | |

lons generation Cluster selection and pulsing Bunching

Figure 2.37. Schematic principle of a liquid metal ion gun (LMIG).
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* lon gun for sputtering

The Dual Source Column showed in Figure 2.36 is generally equipped with a source of surface
ionization (in this case, Cs*) and another source of ionization by electron impact (El) (Oz and Xe). Figure 2.38
(a) shows a schematic of a Cs surface ionization source. This source contains a solid Cs reservoir that
generates Cs vapor after being heated. The vapor generated is driven to a heated porous W plug. As the W
work function is superior to Cs ionization potential, electrons from Cs are trapped forming Cs positive ions

(Cs*). These ions are then extracted from the W plug surface and injected into the optical column.
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Figure 2.38. Schematic of a) the Cs surface ionization source and b) gas ionization by electron impact source,
from [124].

Figure 2.38 (b) shows a schematic of an electron impact ionization source (El). This technique is used
to generate ions from gaseous species such as noble gases (He, Ar, Xe...) or oxygen O,. Firstly the gas is
injected in the source and it is bombarded by an electron flux. The generation of charged particles (i.g. O,)
occurs by the impact of electrons with the gas atoms. After that, the ions are injected into the optical column

induced by an electric field generated by a reflector.

2.4.2.2. ToF-SIMS analyzer

Figure 2.39 (a) shows the analyzer of the ION-TOF ToF-SIMS 5 instrument. It is composed by a UHV
tubular shaped chamber. In this chamber, the secondary ions are separated according to their m / z ratio as
descripted in section 2.4.1. An electrostatic mirror, named reflectron, is placed at the extremity of the flight
chamber. This device increases the ions separation without needing a tube’s length augmentation and thus
improves the mass resolution. The first gridless reflectron is used to perform time focusing of the ions, the
second is an adjustable reflectron voltage (VDP) employed to compensate the difference of initial kinetic

energy between ions with same mass. lons with the same mass but with different kinetic energies (KE) will
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penetrate at different depths in the reflectron. While ions with a higher KE will penetrate deeper in the
electrostatic field, the ions with a lower kinetic energy will penetrate less in order to arrive at the same time
on the detector as shown in Figure 2.39 (b).

At the end of the analyzer, the secondary ions are post-accelerated by the application of a voltage onto

the Multi-Channel Plate detector MCP.

(b)

( a) Reflector

e e e

Free flight chamber lon mirror
—
quU + AE,
qU+E,
Energy QU-AE) @  mmmmmmmmee
B o
] 0 -—‘_-.-\'.‘-’B
il o -
Blanking analyzer I I o W)

(optional) Postacceleration

MCP/Scintillator

Deflection analyzer IDI —
| o—
Lens analyzer I Photomultiplier

Energy/Extraction bias l '

Target

Figure 2.39. Schematic of a (a) TOF analyzer (from ION-TOF Surfacelab) (b) Principal reflectron.

2.4.2.3. Flood gun

For the analysis of insulating materials, primary ions and pulsed low-energy electrons are used
simultaneously to prevent charge accumulation on the sample from primary ion beam. The use of low energy
electrons avoids the change in surface potential which disturb secondary ion emission and consequently the
time of flight. These low energy electrons are produced by a flood gun as shown in Figure 2.40. It consists
mainly in a filament heated with a voltage (around 2.5 V), a Wehnelt electrode for optimization of the
electron beam current, and extraction electrodes. The energy of the electrons is determined by the voltage

applied to the filament, which is adjustable (0-21 V).
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Wehnelt Iﬁ Anode

Figure 2.40. Schematic of a flood gun.

2.4.3. ToF-SiMS parameters applied to analyze CBRAM cells

In this thesis ToF-SIMS depth profiling was used to study the ions diffusion during the resistive
switching of the CBRAM cells. ToF-SIMS data were collected using an ION-TOF ToF-SIMS 5 instrument. The
analysis beam for this study was generated by a 25 keV bismuth source, utilizing a Bi>* rastered over an area
of 80 x 80 um. Cesium ions were used for sputtering, rastered over a 300x300 um? area, at an impact energy

of 500 eV. Both beams were incident at 45°.

The sputter beam was operated at low energy and the primary ion beam at very low current to
minimize sputter-induced artefacts and preserve the depth resolution. ToF-SIMS depth profiling was carried

out in positive ion data collection mode (M*) and using MCs* or MCs;,* clusters.
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Chapter 3

3. Direct forming mechanism of Te-based conductive-bridge
memories

As described in the chapter 1 the switching mechanism of a CBRAM is based on applying voltage or
current pulses to a solid electrolyte. lonic diffusion from the active electrode into the electrolyte creates a
conductive bridge between the two electrodes. Recently, special attention has been drawn to devices
containing an elemental semiconductor such as tellurium, operating with reduced currents and less retention
failures [8]. The current required to program a standard CBRAM cell is directly related to the conductance
of a 1-atom filament (Giatom). FOr metals, Giatom is comparable to the quantum Go=2e?/h, whereas for a
semiconductor such as Te, it is sub-quantum (0.03 Go) enabling operation at low currents as shown in Figure

3.1 for Ag- and Te-based cells [8].
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Figure 3.1. Comparison between the median programming current of the subquantum Te-based CBRAM cells
and of the Ag-based cells for target conductances ranging from 10 Giatom t0 1G1atom. Adapted from [8].

Subquantum CBRAMs based on an Al,0s electrolyte and an active top electrode of a Te binary alloy
such as ZrTe, TiTe and HfTe, are the most promising systems reported in the literature, with cell operating
current and power as low as 10 pA and 0.01 mW [8]. The conductive bridge of such memory cells was
attributed to the migration of tellurium through the alumina. Jameson at al. suggested that a possible

mechanism for Te release might be the oxidation of Zr by scavenging from the alumina, yielding a sub-
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stoichiometric electrolyte. Oxygen vacancies (V;® ) are thought to provide preferential paths for Te migration
across the alumina. These assumptions were based on a detailed analysis of electrical characterizations, but
no direct proof has been reported yet in the literature. In this chapter, we bring information about the
electrochemical mechanisms involved in resistive switching. In particular, we confirm the key role of the

ZrTe/Al,03 interface chemistry in the switching mechanism.

We first investigated electrochemistry of the resistivity change during the direct forming of
ZrTe/Al,0; based CBRAMs. The direct forming occurs when a positive bias is applied on the top electrode to
form the filament. We have used hard X-ray photoelectron spectroscopy (HAXPES) to probe the buried
interface between the ZrTe active electrode and the Al,03 layer. Measurements were performed on as-grown
samples and after ex-situ forming, referred to as as-grown and formed. In addition, we have used XPS and
ToF-SIMS depth profiling to investigate the oxygen, tellurium and zirconium migration. In the second part of
this chapter, we have studied the resistive switching for TiTe/Al,Os-based devices. TiTe features a retention
behaviour controlled by a similar critical conductance as that for ZrTe [8] . The investigation of this memory
cell mechanism is important since not all binary alloys of Te favor the formation of a semiconductor filament.
For example, in the case of the CuTe, the filament is formed preferentially by Cu [48]. Therefore, it is
necessary to understand the role of the metal and the semiconductor during the resistance switching for

each Te-based electrode variant.

3.1. Investigation of ZrTe/Al,03 based CBRAM

The first part of this study will describe the CBRAM samples and the electrical characterization of the
resistive switching process. The second part will show the results obtained from the HAXPES experiments
performed at the BL15XU beam line of the Japan Synchrotron Radiation Research Institute (SPring-8), using
a photon energy of 7.9 keV. The third part is a comparison of HAXPES results using different photon energies
to obtain a depth profile of the sample. The experiments were performed at the GALAXIES beamline of the
SOLEIL synchrotron using 6.9 keV and 8 keV photon energies. In the last part, we will show the depth profiling
results obtained using two methods: laboratory XPS depth profiling analysis carried out with a
monochromatic Al Ko source (hv = 1486.7 eV) and an argon gas cluster ion beam (GCIB) and ToF-SIMS depth

profiling.
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3.1.1. CBRAM sample based on ZrTe/Al,03

The memory cells were composed of a 5 nm Al,0; layer sandwiched between two metallic electrodes.
The bottom electrode was a 200 nm-thick Ta layer, deposited on a 200 mm Si (100) wafer, followed by the
alumina deposition. A ZrTe metallic alloy was then deposited through a mask, to obtain 2 mm diameter
active, top electrodes as shown in Figure 3.2. The electrodes and Al,03 layer were deposited by physical vapor

deposition.

The ZrTe growth process was optimized to reach a Zr/Te stoichiometry of 40/60 prior to the
deposition. The composition was checked by rutherford backscattering spectrometry (RBS). The result of this
analysis showed that the ZrTe layer is formed by 60.5 at. % of tellurium and 39.5 at. % of zirconium, with a
Te/Zr ratio of 1.5 as expected. The base pressure in the deposition chamber was 5x10* mbar. Finally, a 5 or
15 nm TaN (TiN) capping layer was deposited by reactive sputtering to prevent oxidation of ZrTe when

exposed to air. The details of the deposition process are described in chapter 2.

(a) (b)

ZxTe (TiTe)

Figure 3.2. (a) Schematic of the setup for electrical characterization and (b) top view of the CBRAM cells.

Table 3.1. summarizes the slightly different stacks prepared for each physical-chemical
characterization used to analyze the resistive switching. Measurements were first done with a TaN protective
layer. We then changed to TiN in order to better distinguish the signals from the top and bottom electrodes.
Their thicknesses were adapted for each experiment taking into account the depth sensitivity of the analyses.
These variations can affect the long-term behavior of the devices, such as for example the cycling endurance
of the cell. But it is important to mention that these changes do not induce major short-term changes in the
mechanism of the memory. Therefore, as the focus of this work was the forming process (the first switch

from the HRS to the LRS), the long-term variations can be neglected.
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Table 3.1. Sample composition for each physical-chemical characterization.

Protective layer Active electrode Electrolyte Section
(5 nm) (5 nm)
HAXPES (Spring-8) 3.1.3.1
TaN ZrTe (15 nm)
ToF-SIMS 3.1.5
- Al;03
HAXPES (SOLEIL) TiN ZrTe (5nm) 3.1.3.2
XPS depth profiling TiN (15 nm) ZrTe (10 nm) 3.14

3.1.2. Electrical characterization of the ZrTe/Al,03 based sample

In order to protect the oxide layer from irreversible damage during the bias application, it is necessary
to estimate the breakdown voltage of the Al,O; layer. The breakdown voltage defines the maximum voltage
that can be applied to an insulator before it becomes conductive. According to McPherson et al. [125] the
breakdown voltage of a dielectric material decrease when the dielectric constant (k) increases and the

breakdown field Egp can be estimated from the empirical equation below:
Egp (MV.cm™1) = 29.9 (k) %65 3.1

Therefore, taking into account the thickness of 5 nm and a dielectric constant of 9 the estimated
voltage breakdown of the Al,Os layer is 3.6 V. This value was used as a reference during the electrical

characterization to avoid the irreversible breakdown of the cells.

Forming was performed in ambient atmosphere using a Keithley 2635B. The Ta bottom electrode
was grounded. A linear positive voltage sweep between 0 and +4V at 0.1 V/s was applied by an Au tip with
minimum contact force on the top electrode, i.e. the tip approach on the top electrode was carefully made
to ensure the electrical contact without damaging the surface of the sample (see Figure 3.2 (a)). The electrical
contact to the bottom electrode was made with a W tip. Standard electrical connections cannot be used due

to the ultra-thin alumina layer which can be easily short-circuited by mechanical or thermal stress.

Figure 3.3 (a) shows the I-V characteristic of the forming step of the TaN/ZrTe/Al,Os/Ta stack used to
perform the HAXPES analyses at Spring- 8. The current increases abruptly by three orders of magnitude to
the 50 mA compliance current at 3.3 V. This is the forming process, during which conductive paths are created
through the insulating dielectric layer. The device resistance measured before and after forming are Ras-grown
= 2.0x107 Q and Rrormed = 2.5x10% Q. The resistance ratio Rasgrown / Rrormed = 1.0x10° shows a change of five
orders of magnitude in the device resistivity after the forming process. Figure 3.3 (b) presents a current -

voltage (I-V) curve for the forming and reset processes measured on a similar memory stack. In this curve, it
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is possible to observe, by the application of opposite polarity, the reset operation switching the memory from

the low-resistance state (LRS) to the high-resistance state (HRS) at -1.4 V.

The compliance current of 50 mA (16 mA.mm™2) was chosen low enough to avoid a dielectric
breakdown of the oxide but sufficiently high to generate important chemical modifications in the insulating
layer or at the interfaces with the electrodes, facilitating the detection [126]. The reset process showed in
Figure 3.3 (b) confirms that the oxide was not irreversibly damaged during the bias application and the ability
to switch the resistance of the cell using this value of compliance current. As showed in Figure 3.4 a higher
lee = 100 mA was also tested for this sample but the bias application with this I, caused a permanent
breakdown of the oxide i.e. the switching the memory under negative polarization from the low-resistance

state (LRS) to the high-resistance state (HRS) was not possible.
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Figure 3.3. (a) Current - voltage (I-V) curve for the forming of the TaN/ZrTe/ Al,Os/Ta stack. (b) Current -

voltage (I-V) curve for the forming and reset of the TaN/ZrTe/ Al,0s/Ta stack used on the Spring- 8 HAXPES
measurements.
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Figure 3.4. (a) Current - voltage (I-V) curve obtained using an I = 100 mA for the sample used on the Spring-
8 HAXPES measurements.
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While an I..= 50 mA protected the cell used on the Spring- 8 HAXPES measurements of an irreversibly
damaged, for the sample used on the HAXPES measurements performed at SOLEIL (see Table 3.1) an l.= 50
mA led to an irreversible breakdown of the oxide as showed in Figure 3.5 (a). Thus, for this sample we have
used an Il of 8 mA to perform the forming step as described in Table 3.2. The reset process showed in Figure

3.5 (b) confirms that this lower I protected the oxide of a permanent breakdown.

(a) (b)
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Figure 3.5. (a) Current - voltage (I-V) curve obtained using an I = 50 mA and (b) Current - voltage (I-V) curve

for the forming and reset of the TiN (5 nm)/ZrTe(5 nm)/Al,03(5 nm)/Ta stack for the sample used on the
SOLEIL HAXPES measurements using an I = 8 mA.

In this chapter, we focus our attention on the critical forming step which has a key role for the devices
operation. Table 3.2 summarizes the results of the electrical characteristics of the samples used for the

HAXPES experiments performed at SOLEIL (section 3.1.3.2.) as well as for the XPS (section 3.1.4) and ToF-
SIMS (section 3.1.5) experiments.

Table 3.2. Electrical characteristics of the samples analyzed by different experiments

Experiment RAS'(;")W" RFoered R/I::r::: / ICC Ve

(10° Q) (10°Q) (102Q) (mA) (V)

HAXPES Spring-8 200 2.5 1000 50 3.3
HAXPES SOLEIL 5.0 1.2 40 8.0 2.8

XPS depth profiling 2.5 9.0 2.8 50 33
ToF-SIMS depth profiling 1.0 1.4 7.1 50 3.0
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Electrical measurements were performed on ten cells. The average forming voltage of 3.0 V and an
average reset voltage of -1.2 V are obtained. All the values are below the breakdown voltage of the Al,Os;
layer, to induce resistive switching without irreversible damages. The average initial and final resistances are

of 2.5x10°Q and 1.4x10%Q respectively.

3.1.3. Hard X-ray photoelectron spectroscopy (HAXPES) analysis

Using hard X-rays, the electron mean free path is considerably increased providing sufficient depth
sensitivity to reach the buried interfaces and thus provide information about the redox processes occurring
in the electrode and in the electrolyte region, as described in chapter 2.

This study was divided in two parts. In the first part, the CBRAM cell was analysed using a photon
energy of 7.9 keV. This energy made possible the chemical analysis of all layers involved in the resistive
switching. The second part was an opportunity to obtain supplementary information about the forming
process using different photon energies (at 6.9 keV and 8 keV), thus varying the sampling depth. This
experimental approach provided information about the depth distribution of the species in the stack before

and after the bias application.

3.1.3.1. HAXPES - 7.9 keV

These HAXPES experiments were performed at the BL15XU beam line of the Japan Synchrotron
Radiation Research Institute (SPring-8). A photon energy of 7.9 keV with an overall energy resolution
(beamline and spectrometer) of 243 meV were used. The inelastic mean free paths (A), estimated with the
Tanuma equation [94] for Ta 3ds/,, Al 1s, Zr 3ps/; and Te 3ds/2 photoelectrons in the stack, were 10.8,9.2, 10.7
and 10.4 nm, respectively. These values are obtained by averaging the IMFPs estimated for each layer crossed
by the photoelectrons during their transport toward the surface. The average was weighted by the thickness
of each layer as described in section 2.3.3.1. Corresponding sampling depths (3A) of 27.6, 32.1 and 31.2 nm
allow probing the ZrTe electrode and alumina layer.

The area of the x-ray spot on the sample surface was 300*40 um?. Photoelectrons emitted at an
angle of 80° with respect to the surface were collected with a VG Scienta R4000 hemispherical analyzer, with
a slit size of 0.5 mm. The binding energy was calibrated relative to the Fermi level measured from a clean
gold surface. Subtracted backgrounds for XPS spectra were of Shirley type [84], and the oxide peaks were
modeled using a combination of Lorentzian (30% ) and Gaussian (70%) functions while the metallic core lines
were fitted using a Doniach-Sunjic function [127] using Casa XPS v2.3 software. The peaks fit for each element
was made establishing constrains on components positions and fixing the separation between each chemical

state. The parameters used to fit the HAXPES peaks are presented in Table A.1 and in Table A.2 (Binding

Chapter 3. Direct forming mechanism of Te-based conductive-bridge memories




82

Energies) in annex A.

HAXPES measurements were performed on as-grown and formed TaN/ZrTe/Al,Os/Ta stacks, and also
on the bare Al,O3/Ta structure outside the top electrode (see Figure 3.2), in order to provide a reference
spectrum for aluminum and tantalum present in the electrolyte and bottom electrode. Each peak was
normalized relative to the intensity of the background measured at high kinetic energy. The photoelectron
recoil effects [111] were estimated from Eun (m/M) where Ei, is the photoelectron kinetic energy, m is the
electron mass and M the atomic mass. The estimated recoil energy for Ta 3dsj,, Al 1s, Zr 3ps/2 and Te 3dsp;
core levels are 0.018, 0.13, 0.045 and 0.03 eV, respectively. Apart from the recoil of the Al 1s, all are less
than the observed energy chemical shifts and can therefore be neglected.

Figure 3.6 shows the Ta 3ds/, core level spectrum measured on the bare Al,03/Ta structure outside
the top electrode together with the best fit. This spectrum is asymmetric at higher binding energies
suggesting the presence of an additional component. Indeed, a second component must be used in this case
to obtain a satisfactory fit. The first component is characteristic of metallic Ta at 1731.5 eV [128] and the
second component at 1733.4 eV is attributed to tantalum sub-oxide (TaO,). The latter demonstrates that
there is tantalum oxide at the Al,03/Ta interface. The relative areas of these components are given in the
Table 3.3. This result shows that the deposition of the alumina layer caused an oxidation of the Ta bottom

electrode.

Ta3d,,

Raw data

— Exp. Fit

Intensity (arb. units)

1737 1734 1731 1728
Binding energy (eV)

Figure 3.6. (a) Ta 3ds, core level spectrum obtained at 7.9 keV photon energy on the bare Al,03/Ta structure.
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Table 3.3. Relative areas (%) of the Ta 3ds;» components for the Al,03/Ta stack obtained at 7.9 keV photon

energy

Ta

TaOy

AI203/Ta

88.8+8.8

11.2+1.1

Intensity (arb. units)

Al 1s

+  Raw data
Exp. Fit

(a) ALO,/Ta

A1203 4 (b) As-grown

AlO_

(¢) Formed

1569 1566 1563 15600 1557

Binding energy (eV)

Figure 3.7. Al 1s core level peaks obtained by HAXPES on: a) the Al,Os/Ta stack, b) as-grown and c) formed
states of the TaN/ZrTe/ Al,Os/Ta stack.

The Al 1s core level spectra outside the top electrode, i. e. for the Al,0s/Ta structure, for the as-grown

and formed states are represented in Figure 3.7 together with the best fits and the overlap of these spectra

is presented in Figure A.1 and A.2 in annex A. As discussed before, the Ta 3ds;, spectra measured on the bare

Al,O3/Ta structure showed an oxidation of the bottom electrode (see Table 3.3) at the Al,05/Ta interface

probably due to oxygen scavenging from the overlying Al,Os layer, leading to a reduction of this layer during

the deposition process. Therefore, the decomposition of these Al 1s spectra took into account two

contributions: aluminum sub-oxide (labeled AlOy) at binding energy (BE) of 1561.5 eV and alumina (Al,0s) at

1562.4 eV. The relative areas of these components are given in the Table 3.4.
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Table 3.4. Relative areas (%) of the Al 1s components for the Al,03/Ta stack, as-grown and formed samples.

Al,O3 AlOy
Al,05/Ta 97.8+£9.7 22+0.2
As-grown 91.3+9.1 8.7+0.8
Formed 88.0+£8.8 12.0+1.2

These results showed an increase of the sub-oxide contribution (AlOx at 1561.5 eV) relative to the
main contribution (Al,O3 at 1562.4 eV) for the as-grown and formed states with respect to the Al,Os3/Ta
structure. Regarding the as-grown state, it means that the ZrTe top electrode deposition gives rise to a
significant reduction of the underlying alumina layer.

On forming, our results showed a further reduction of the Al,Os; and an increase of the AlOy
contribution (+3.3 %).

Figure 3.8 presents the Zr 3ps/; spectra for as-grown and formed samples the overlap of these spectra
is presented in Figure A.3 in annex A. In Al 1s, there is a reduced component implying oxygen scavenging by
the ZrTe hence probable formation of ZrO,. Therefore, the spectra have been fitted considering two
contributions. The first component at 330.2 eV was fitted using a Doniach-Sunjic [127] function and it is
characteristic of the ZrTe alloy. The second component at 332.9 eV was fitted using a Lorentzian-Gaussian

function and it is characteristic of ZrO,[129].

(a) As-grown

Zr 3p,,

L —<— Raw data
Exp. Fit

Intensity (arb. units)

(b) Formed
ZxTe
ZxO,
339 : 3;56 . 32.’:3 : 3;50 . 357 : 324
Binding energy (eV)

Figure 3.8. Zr 3ps;> core level peaks obtained by HAXPES on: a) as-grown and b) formed states of the
TaN/ZrTe/ Al,0s/Ta stack.
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Table 3.5 shows the relative areas of the two components of the Zr 3ps/, spectra for as-grown and
formed samples. An increase of the ZrO; area (+4.6%) with respect to the main peak was observed after

forming, consistent with the alumina reduction previously observed on the Al 1s core level.

Table 3.5. Relative areas (%) of the Zr 3ps, components for the as-grown and formed samples.

ZrTe 2r0;
As-grown 79.0£7.9 21.0+x2.1
Formed 744174 25625

The Te 3ds; core level was not used in our measurements because of the overlap with the Ta 4s core
level. The Te 3ds/; spectra measured for as-grown and formed samples are shown in Figure 3.9 the overlap
of these spectra is presented in Figure A.4 in annex A. These asymmetrical peaks have been fitted using a
Doniach-Sunijic function [127] by taking two contributions, considering that in addition to the Zr-Te bonds,
Te-Te bonds are also possible as the Te/Zr ratio higher than 1 (1.5) and the presence of ZrO; bring evidence
of a Te-rich environment. The first component at 582.6 eV is related with the ZrTe alloy and the second

component at 583.4 eV is characteristic of elemental Te[130,131].

a(2) As-grown

' Te 3d3,2

—— Raw data
Exp. Fit

(b) Formed
[ \ ZrTe

Intensity (arb. units)

588 585 . 582 579
Binding energy (eV)

Figure 3.9. Te 3d3/, core level spectra of a) as-grown and b) formed states of the TaN/ZrTe/ Al,O3/Ta stack.
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Table 3.6. Relative areas (%) of the Te 3ds/; components for the as-grown and formed samples.

ZrTe Te
As-grown 90.8+9.0 9.7+0.9
Formed 86.8+ 8.6 13.2+1.3

Comparison between the relative areas extracted from as-grown and formed spectra is presented in
Table 3.6. This result showed a significant elemental tellurium increase (+3.5 %) during the forming process.
This increase was similar to that of the ZrO, contribution. Thus it could be related to the detachment and
migration of Te [8] or simply formation of Te-Te bonds inside the top electrode as a results of ZrO, formation

following oxygen uptake from the alumina.

e Discussion of the HAXPES results — 7.9 keV

Our results showed that a complex chemical process occurs at the ZrTe/Al,Os interface (ZrO;
formation, Al;Os reduction) yielding to a sub-stoichiometric aluminium oxide and consequential phase
separation in ZrTe, giving rise to elemental Te. This behaviour can already be observed during the deposition
of the top electrode on the alumina. 8.7% of Al was in a lower oxidation state compared to only 2.2% in the
as-deposited Al,Os. This suggests a preliminary redox process at the ZrTe/Al,Os interface creating oxygen
vacancies (V5° ) in the alumina. Indeed, the formation of ZrO, is thermodynamically more favourable in

comparison with Al,0sformation, as shown by the Ellingham diagram in Figure 3.10[132].
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Figure 3.10. Ellingham diagram for the free energy of the formation of metallic oxides. Adapted from
Greenwood et al. [132].

The creation of oxygen vacancies (V;° ) during the top electrode deposition process facilitates the
creation of low resistance paths presumably via Te diffusion inside the electrolyte. We may consider the
presence of oxygen vacancies (defects) in the electrolyte layer as a prerequisite to the forming process of
CBRAMs cells. The enhancement of ions diffusion by V3* is supported by several studies [51,67,133]. These
studies show that the energy cost to insert ions from the active electrode in the electrolyte decreases with
the increase of V;° .

After forming, the V;° concentration deduced from the AlOx component has increased, with 12% Al
in lower oxidation state compared to 8.7% in the virgin state. In parallel, the forming process caused Zr
oxidation and Te release at the ZrTe/Al,Os interface. We consider here that these observations are related
to oxygen migration towards the active electrode under positive bias.

These results confirms the mechanism proposed by Jameson et al [8] described by:

ZrTex + O— ZrO, + xTe 3.1

This mechanism suggests that the Zr oxidation, by oxygen scavenging from the alumina during the
positive bias application, causes a Te release. The Te transport is then assumed by the authors under an

applied field through the oxide to create the filament.
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Our results show that oxygen vacancies are not restricted to OxRRAMs. Several studies show an
hybrid mechanism, i.e. a combination of both CBRAM (ions diffusion) and OXRRAM (V;° formation by oxygen
transport) mechanisms to form the filament [51,67,68]. For example, according to Saadi et al.[51], the
resistance transition can be divided in two stages. The first is the creation of oxygen vacancies and the second
is the migration of the ions along V;° paths. Assuming this model, in our case, the forming can be divided in:
1) reduction of alumina and the formation of oxygen vacancies inside of the oxide followed by Zr oxidation

and Te release at the ZrTe/Al,0s interface, 2) Te migration through V;° paths towards the bottom electrode.

The HAXPES results provide a direct evidence of the chemistry of the first step of the proposed
mechanism, i.e. Zr oxidation by oxygen scavenging from the alumina and, as a consequence, Te release.
However, we must mention here that Zr oxidizes also at the upper TaN/ZrTe interface, due to the very thin
TaN capping layer used for HAXPES. The regrowth of Zr oxide during forming is thus also possible due to
oxygen insertion at the surface from ambient air. To avoid this external oxygen reservoir, in-situ XPS
measurements were developed. The results are shown in chapter 5. Note that we can not rule out a possible

Te liberation at the TaN/ZrTe interface, related to Zr oxidation.

e Multilayer model

A four-layer capacitor model [134,135] was used to quantify the redox process at the ZrTe/Al,O3
interface. We assumed that two distinct layers of ZrO; and AlOx were formed with sharp interfaces yielding
the structure shown in Figure 3.11. This is a first attempt to provide a quantitative insight which needs to be
improved in the future. We need in particular to take into account the Zr oxide layer at the upper TaN/ZrTe
interface for a better quantification. We also assumed that the released Te stays at the interface, and is
located at the same level as the interfacial ZrO, layer, labelled ZrO, + Te-Te in Figure 3.11. This is equivalent
to assuming a phase separation in the interfacial layer between the ZrTe and Al,Os.

As showed in chapter 2, the contribution of a surface layer (with a thickness d) to the XPS peak

intensity follows the Beer Lambert law:

I(d) = I, [1 —eXp (x_siie) ] 3.2

where 8 is the angle between the surface of the sample and the collected electron trajectory, A is the inelastic

mean free path and I, is the intensity collected for an infinite thickness.

To calculate the layer thicknesses, we considered the photoelectron intensities from each distinct
chemical environment corresponding to Al,03, AlOy, ZrO, and ZrTe, given by the areas of the corresponding
components of the Al 1s and Zr 3ps/; core level spectra. These intensities were calculated by the following

equations, expressing the intensity attenuation for each layer crossed by the photoelectrons:
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where dze, dzro2, daiox and daizos are the thicknesses of the ZrTe, ZrO,, AlOy and Al,03 layers of the model. We
assumed that the inelastic mean free paths of Al 1s and Zr 3ps;; photoelectrons were the same in all the
layers of the stack and respectively equal to Ax = 9.2 nm and Az = 10.7 nm. This approximation leads to an
uncertainty of + 1.3 nm in the ZrO; layer estimation, considering that the value of Az was obtained by
averaging the IMFPs estimated for each layer crossed by the photoelectrons as showed in equation 2.23
without taking into account the contribution of the IMPF estimated in the ZrO; layer ( Az zr0, = 9.7 nm).
From equations (3.3) and (3.4), we can express the intensity ratio of the ZrO, and ZrTe contributions of the

Zr 3ps;; core level:

-dZr02
IZrOZ _ IOZOTOZ e (_ d ZTTe) 1_exp ( A Zr ) 3 7
ame = Tame P i (22 '

From equations (3.5) and (3.6), we can express the intensity ratio of the Al,0; and AlOy contributions

of the Al 1s core level:

—d Al203
La1203 _ I 1203 (—dAle) 1-exp (T) 38
tiox Thioe 0\ R ) fimenp (F45) ]

These ratios enable to estimate the thickness of the interfacial AlOx and ZrO; layers, given that daox+
daizos =5 nm and dzo2+ dzte = 15 nm. We also assumed that the intensities of the semi-infinite blocks of the

Al,O3 and AlOy layers were equal. The same assumption was made for the ZrO; and ZrTe layers.

Chapter 3. Direct forming mechanism of Te-based conductive-bridge memories




90

(a) As-grown (b) Formed
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Figure 3.11. Four-layer capacitor model for the (a) as-grown and (b) formed samples.

— AlO, (0.57 nm)

4.44 nmI

The thicknesses of the ZrO; and AlO layers calculated using this model for the as-grown and formed
samples are given in Table 3.7.
Similarly, the intensity ratio between the Te and ZrTe contributions extracted from the Te 3ds,, core

level can be expressed as follows:

ITe I, (—erTe) 1—exp (%) 39
e~ T P e ) e (29 '

where drete is the thickness of the Te-rich layer formed near the interface and Are is equal to 10.4 nm. From
this last equation, we calculated the thickness of the interfacial Te-rich layer to be 2.9 and 4.0 nm, for the as-
grown and formed samples respectively (see Table 3.7). The Te-rich layer is thinner by half compared to ZrO,.
Therefore, these results show that the ZrO, layer thickness was probably overestimated due to an additional
ZrO; contribution on the Zr 3ps/> peak coming from Zr oxidation at the upper TaN/ZrTe interface. Indeed, the
TaN capping layer did not completely prevent oxidation of ZrTe. This large discrepancy between the
calculated thickness of the interfacial layer based on the Te or Zr signal is an evidence of the inadequation of
this model with a single ZrO, layer. We will thus concentrate for further analysis on the Te signal.

Table 3.7. Estimated thicknesses of the ZrTe/ZrO,+Te/AlO,/Al,Os stack extracted from the quantitative model
and the Al 1s, Zr 3ps/; and Te 3ds/, core-level components intensities.

sample d AlOq d ZrO, dTe d ZrTe
(nm) (nm) (nm) (nm)
As-grown 0.40 5.3 2.9 9.7
Formed 0.57 6.4 4.0 8.6

After the forming process, we saw an increase of 1.1 nm at the interfacial Te-Te layer (see Figure 3.11

(b)). This trend agrees with the redox process deduced from the detailed analysis of the Te 3ds/, peaks. The
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electroforming enhances the Zr oxidation, releasing Te from the alloy. The released Te is confined near the
ZrTe/Al,0; with a possible extension inside the alumina. A small increase of the interfacial AlOx layer was also
obtained after the voltage application, confirming the creation of V;* inside the alumina layer. Assuming that
this is an interfacial effect, our model showed that the AlO, thickness is 0.17 nm higher after forming but very
confined (~2 monolayers). However, this reduction process is probably not only located at the interface, but
extends through the whole alumina layer, to achieve the formation of preferential conductive paths.
Therefore, the AlOy thickness obtained with our simplified multilayer model was probably underestimated.
The next section will show a study performed to obtain more insights about the possible Te diffusion

during the positive bias application.

3.1.3.2.  HAXPES with varying probing depths

A depth profile using different photon energies was performed on a sample TiN (5 nm)/ZrTe (5 nm)/
Al,O3(5 nm)/ Ta (200 nm) (see Table 3.1) to obtain complementary information about the depth distribution
of tellurium and zirconium before and after the forming process. These HAXPES analyses were performed at
the GALAXIES beamline of the synchrotron SOLEIL[107,113]. The buried interfaces were probed by tuning the
inelastic mean free path (A) using photon energies of 6.9 and 8 keV. The overall energy resolution (beamline
and spectrometer) was 110 and 160 meV for 6.9 and 8 keV photon energies respectively. The values of A are
estimated with the Tanuma equation [94] for Zr 2ps/; and Te 3ds/2 photoelectrons and are given in Table 3.8.
The X-rays beam spot size on the sample was 500 x 30 um? (with an X-ray incidence angle of 10° with respect
to the surface) and photoelectrons emitted at an angle of 80° with respect to the surface were collected with
a hemispherical SCIENTA EW4000 electron analyzer. The binding energy was calibrated relative to the Au 4f
level measured from a clean gold surface and also relative to the Ta 3ds/, level measured on the Al,0s/Ta

interface outside the device areas (as a stable internal reference).

Table 3.8. Inelastic mean free paths for photon energy of 6.9, and 8 keV. The sampling depth is defined to be
3. [88]

6.9 keV 8.0 keV

A (nm) A (nm)
Zr 2ps» 7.7+15 9.4+ 1.9
Te 3ds2 10.1+£2.0 11.4+2.3

Each peak was normalized relative to the background intensity measured at high kinetic energy.
Figure 3.12 (a) presents the Zr 2ps/, spectra fitted considering two contributions obtained by HAXPES at 6.9

keV and 8 keV. The low binding energy (LBE) component at 2222.9 eV was fitted using a Doniach-Sunjic
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function and is characteristic of the metallic ZrTe alloy. The second component at 2224.3 eV was fitted using

a Lorentzian-Gaussian function and is characteristic of ZrO,. The relative areas are reported in Table 3.9.

(a) 6.9 keV 8.0 keV
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Figure 3.12. (a) Zr 2ps/, core level peaks obtained by HAXPES at 6.9 keV and 8 keV on as-grown and formed

samples of the TiN/ZrTe/Al,0s/Ta stack (b) ZrO,/ZrTe area ratios extracted from the Zr 2ps; line area ratios
measured at 6.9 and 8 keV for as-grown and formed samples.
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Table 3.9. Relative areas (%) of the Zr 2ps/, components for the as-grown and formed samples obtained by
HAXPES at 6.9 keV and 8 keV.

6.9 keV 8 keV
ZrTe ZrO; ZrTe ZrO;
As-grown 72.7+7.2 273127 83.2+8.3 16.8+1.6
Formed 64.2+6.4 358+3.5 79.3+7.9 20.7+£2.0

The redox process occurring at the ZrTe/Al,Os interface is confirmed by the ZrO,/ZrTe intensity ratio
extracted from the Zr 2ps; line. This ratio is compared at 6.9 and 8 keV photon energies and reported for the
as-grown and formed samples in Figure 3.12 (b). During forming, the ZrO,/ZrTe area ratio increases at all
photon energies, indicating Zr oxidation all along the stack. This is related to the upward oxygen movement
towards the top electrode attracted by the positive bias as previously discussed in section 3.1.3.1. However,
as we can see in Figure 3.12 (b) the ZrO,/ZrTe area ratio is higher at 6.9 keV (3A = 23.1 nm) than 8 keV (3A =
28.2 nm), indicating the presence of ZrO; also at the TiN/ZrTe interface. This result shows that surface
oxidation is probably dominating the contribution of ZrO,, thus preventing a detailed analysis of the Zr
oxidation at the ZrTe/Al,O; interface. Our results can thus not describe with accuracy the redox process at
this buried interface during the resistive swithing. In addition, the Zr oxidation next the surface may also
indicate that the capping layer not completely prevent oxidation of ZrTe as we will show in detail in chapter
5.

Figure 3.13 (a) presents the Te 3ds/, spectra fitted with three components obtained by HAXPES at 6.9
keV and 8 keV. The major component at 582.9 eV is related with the ZrTe alloy, the second component at
583.6 eV is characteristic of elemental Te and the last component at 584.9 eV is related with tellurium sub-
oxide (TeOy). The relative areas are reported in Table 3.10. Contrary to the previous analysis presented in
section 3.1.3.1., the Te 3ds;; spectrum presents a TeOx component. This variation can be related to an
oxidation of the ZrTe layer caused by oxygen from air. The TaN capping layer has been replaced by TiN which
is probably less efficient to prevent oxygen insertion from atmosphere. Except from that, the change of the

protective layer do not strongly influence the memory behavior.

More insights about the phenomena taking place during the direct forming are obtained by
comparing the Te and ZrTe contributions extracted from the Te 3ds,; line with increasing photon energies.
Figure 3.13 (b) shows the Te/ZrTe area ratios measured for the as-grown and formed samples. During
forming, the Te contribution is enhanced at 6.9 keV (3 A =30.3 nm) and also at 8 keV (3 A =34.2 nm). The
increase more pronounced at the highest depth suggests a possible diffusion of tellurium through the
alumina layer. This result agrees with the previous results that show a release of Te during the forming

process and provides evidences of Te migration to create conductive filaments.
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As observed for the ZrO,, the variation of the Te/ZrTe area ratio in-depth also indicated the presence
of Te next to the surface. Considering the contribution of the superficial tellurium, it is difficult to quantify

with accuracy the release of tellurium at the ZrTe/Al,O; interface after the forming process.
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Figure 3.13. (a) Te 3ds/, core level peaks obtained by HAXPES at 6.9 keV and 8 keV on as-grown and formed
samples of the TiN/ZrTe/Al,0s/Ta stack (b) Te/ZrTe area ratios extracted from the Te 3ds/; line area ratios
measured at 6.9 and 8 keV for as-grown and formed samples.
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Table 3.10. Relative areas (%) of the Te 3ds;, components for the as-grown and formed samples obtained by

HAXPES at 6.9 keV and 8 keV.

6.9 keV 8 keV
ZrTe Te TeOx ZrTe Te TeOx
As-grown | 80.9%8.0 16.2+1.6 29129 83.3+8.3 124+1.2 43104
Formed 78.7+7.8 18.3+1.8 3.0£3.0 81.0t8.1 15.5+1.5 3.5+0.3

3.1.4. XPS depth profiling using GCIB

Laboratory XPS depth profiling was performed using a PHI 5000 VersaProbe Il (Physical Electronics)
equipped with a monochromatic Al Ky source (hv = 1.48 keV). The pass energy was set to 47 eV, giving an
overall energy resolution of 0.75 eV, with an emission angle of 45.0°. To compensate for sample charging, in
particular when analyzing the Al,Os layer, a dual beam charge neutralizer was used. The charge compensation
is necessary in this case as the emission of photoelectrons causes an accumulation of positive charges at the
insulator surface after the sputtering of the top electrode. For the HAXPES analysis, the use of a beam
neutralizer was not necessary as the Al,0s3 layer was buried under a conductive layer enabling charges
evacuation. XPS depth profiling was carried out using an argon gas cluster ion beam (GCIB) [116] with 2500
Ar atoms per cluster, a current of 20 nA, a raster area of 2mm*2mm, ensuring uniform sputtering of the
analyzed area, and 20 kV accelerating voltage corresponding to an energy of 8 eV per atom.

XPS depth profiling was carried out on the as-grown and formed samples to provide information
about oxygen, tellurium and zirconium migration along the TiN/ZrTe/Al,0s/Ta stack. The analysis was
performed on a slightly different stack, with a TiN capping layer of 15 nm and a ZrTe electrode of 10 nm as

shown in Table 3.1.

3.1.4.1.  Oxygen depth profile

Figure 3.14 shows the XPS atomic concentration sputter depth profiles of oxygen obtained from the

O 1s core level intensity, for the as-grown and formed samples.
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Figure 3.14. XPS depth profiles of oxygen measured on the TiN/ZrTe/Al,03/Ta stack for as-grown and formed
samples.

The high oxygen signal before sputtering is due to surface oxidation of the TiN cap and does not
influence the subsequent profiling. The onset of the buried oxygen intensity obtained after forming is shifted
towards the top electrode compared to the one measured for the as-grown sample. This result indicates
oxygen diffusion into the ZrTe layer which is consistent with what is observed on the Zr 3ps/, core level spectra,

i. e. a decrease of ZrTe component and an increase of ZrO,.

3.1.4.2. Te and Zr depth profile

Figure 3.15 shows the XPS atomic concentration depth profiles of tellurium and zirconium obtained
from the Te 3d and Zr 3d core level intensities, for the as-grown and formed samples. The Te depth profile
obtained after forming is shifted towards the Al,O3 layer compared to the one measured for the as-grown
sample as shown in Figure 3.15 (a). This result can indicate a Te diffusion in the Al,O3 layer which is consistent
with the switching mechanism of subquantum CBRAM cells where the conductive bridge is formed by the
migration of a semiconductor [8] .

The comparison between the Zr depth profiles for as-grown and formed samples also reveals a
possible diffusion of Zr towards the electrolyte layer after the forming process as shown in Figure 3.15 (b).
However the interpretation of this result is more complicated since the XPS Zr depth profiles are too much

impacted by the sputter-induced burying effect [116].
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Figure 3.15. XPS depth profiles of (a) Te and (b) Zr measured on the TiN/ZrTe/Al,0s/Ta stack for as-grown and
formed samples.

3.1.4.3.  Zr oxidation analysis

Figure 3.16 (a) and (b) show a comparison between the peak of Zr 3d measured at the atomic
concentration maximum value of the depth profile (after 30 min of sputtering at point A) and the peak
measured at half its maximum value (after 57 min of sputtering at point B) for the as-grown and formed
samples. The spin-orbital interaction for Zr 3d produces the doublet Zr 3ds;; and Zr 3ds/,. The peaks at 180.4
eV and 182.4 eV correspond to ZrTe alloy and the peaks at 183.5 eV and 185.6 eV correspond to ZrO, [136].
Table 3.11 shows the relative areas of the two contributions of the Zr 3d spectra for as-grown and formed
samples at the different sputtering times. The ZrO, contribution increases (+ 5.5 %) after 57 min of sputtering
in comparison to the point A, for the as-grown sample. Assuming that the point A is located in the middle of
the ZrTe layer and the point B is located near the ZrTe/Al,Os interface, this result indicates, as showed before

in the HAXPES analysis, a Zr oxidation at this interface during the deposition process.

The results for the formed sample showed an increase of the ZrO, contribution in both A and B in
comparison to as-grown sample, consistent with oxygen migration towards the active electrode under
positive bias. In addition the major increase occurred at the point A (+ 12.8%) which may indicate that oxygen

diffuses deeply inside ZrTe layer and not only at the interface after the forming process.
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Figure 3.16. Zr 3d core level spectra measured after (a) 30 min (at point A) and after (b) 57 min (at point B) of
sputtering for as-grown and formed samples.

Table 3.11. Relative areas (%) of the Zr 3d components for the as-grown and formed samples measured on
A and B.

Measured on A Measured on B
ZrTe ZrO; ZrTe ZrO;
As-grown 63.0+6.3 37.0+3.7 57.5%5.7 425+4.2
Formed 50.2+5.0 49.8+49 53.5%+5.3 46.5t4.6

3.1.5. ToF-SIMS depth profiling

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a complementary technique to XPS.
While XPS depth profiling allows the identification of the chemical states and a semi-quantification of the
elements in-depth as shown in section 3.1.4, ToF =SIMS, in turn, provides in-depth profiles with a high depth
resolution (< 1nm) and with a better sensitivity (< 10 ppm) [11]. These characteristics are essential to study

the small changes that occur during the resistive switching and the elements diffusion under the bias
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application.

ToF-SIMS was used to study the elemental depth distribution profiles and possible interdiffusion for
as-grown and formed samples. Data were collected using an ION-TOF ToF-SIMS 5 instrument. The Bis*
analysis beam was accelerated at 25 keV and rastered over an area of 80 x 80 um. Cesium ions were used for
sputtering, rastered over a 300x300 um? area, at an impact energy of 500 eV. Both beams were incident at
45°. The intensities of the M* ions and MCs,* clusters secondary ions (where M is the element to be analyzed

and Cs* is the bombarding ion) were used for the analysis.

Figure 3.17 shows the ToF-SIMS depth profiling data for all elements present in the stack for as-grown
(solid line) and formed (dash line) samples. The NCs,*, Ta*, OCs,*and Al* profiles are rather stable for the two
resistive states. The Al and O profiles shows the presence of both elements in the top electrode layer. This
result can be explained by a possible crushing of the top electrode by the Au wire during the electrical
characterization exposing the insulation layer. In addition, the O depth profile indicates a significant oxidation
of all layers of the device. To provide a better visualization of the Te and Zr depth profiles, the comparison

between as-grown and formed samples is shown in Figure 3.18 (a) and (b) respectively.
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Figure 3.17. ToF-SIMS depth profiles of as-grown (solid line) and formed samples (dash line) for Al*, OCs;",
NCs;*, TeCs,*, Zr* and Ta".

In both Te depth profiles, we can see some tellurium present at the TaN surface. This diffusion of Te
towards the protective layer occurs probably during the deposition process and was observed in all cells. The

depth profile of the formed sample shows a decrease of the intensity around 50 -100 s then an increase of
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the intensity above 150 s in comparison to the as-grown sample. This shift toward longer sputtering times
can be related to a diffusion of Te from the ZrTe layer toward the electrolyte layer after the forming process.
This Te diffusion is consistent with the elemental Te release showed by the HAXPES measurements (see
Figure 3.9).

The Zr depth profile of the formed sample also showed a small shift towards the bottom electrode
but less important than for Te. The presence of ZrO; at the ZrTe/Al,0; interface showed before by HAXPES
and XPS analyses may act as a barrier and prevent the deeper diffusion of Zr.

ToF-SIMS as well as XPS depth profiling provides evidence of diffusion during the forming process
supporting the proposed mechanism based on Te diffusion to form the conducting filament. It is important
to note that considering the errors attributed to these destructive analyses these results are used in this work
only to provide additional information on the distribution of the elements in the device and to help the global

interpretation of the resistive switching study.
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Figure 3.18. ToF-SIMS depth profiles of as-grown (black line) and formed samples (red line) for (a) TeCs,", and
(b) Zr*.
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3.1.6. Summary of the forming process for ZrTe/Al,O3 based CBRAM

Based on these results, we suggest the forming mechanism shown schematically in Figure 3.19. For
ZrTe/Al,0s-based devices the results showed the oxidation of Zr together with a correlated alumina reduction
during forming. This redox process is related to oxygen scavenging by the active top electrode. This 0%
migration leads to the creation of positively charged V5°* in the alumina, thereby creating favored conductive
paths. XPS depth profiling confirmed the oxygen diffusion from the Al,03 towards the ZrTe top electrode. A
four-layer capacitor model showed an increase of both the ZrO, and AlOy interfacial layers thicknesses,
confirming the redox process located between the active electrode and the electrolyte. Furthermore, the
resistance switching caused also an elemental Te increase at the interface ZrTe/Al,Os. In addition, XPS and
ToF-SIMS depth profiling showed evidences of Te migration from the ZrTe layer to alumina layer under
positive bias.

Our study clearly showed the correlation of Zr oxidation with the release of Te at the ZrTe/Al,O;
interface. However, it is more difficult to conclude on the chemical nature of the filament. The HAXPES Te
3ds/; spectra showed that the released Te is not ionized. The Te migration through the alumina is thus not
directly driven by the electric field and more difficult to explain.

For the sake of consistency with the depth profiles results which showed a possible Te migration
towards the electrolyte layer under positive polarization and also with the electrical measurements reported
by Jameson et al. [8] which showed a conductance for the ZrTe-based CBRAM equal to 0.03Go, below the
standard Go value, we assume that filaments are made of Te. Thus, a plausible mechanism is that: a) first Te
accumulates at the interface and then progressively inside the alumina, b) second, local Te segregation might
occur through V;3* , acting as easier diffusion paths towards the bottom electrode. Thus, a hybrid mechanism
combining V;* formation by oxygen transport with Te migration and filament formation typical of OXRRAMs

and CBRAMs, respectively occurs during positive polarization.
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Figure 3.19 Schematic of the (a) as-grown sample and the redox processes and matter transport taking place
during (b) forming process in the ZrTe/Al,Os - based cells.

3.2. Investigation of TiTe/Al,03 based CBRAMs

This section shows the second part of the forming process study, using TiTe as active electrode.

3.2.1. CBRAM based on TiTe/Al.Os3

Same preparation method as ZrTe/Al,O; showed in section 3.1.1. The 5 nm TiTe growth process was
optimized to reach a Ti/Te stoichiometry of 40/60. Finally, a 5-nm TaN capping layer was deposited by

reactive sputtering at 50°C to prevent oxidation of TiTe when exposed to air as shown in Figure 3.2.

3.2.2. Electrical characterization of the TiTe/Al,03 based sample

The electrical characterization was performed as for ZrTe/Al,0; devices (see section 3.1.2.). The first
positive bias application on this cell was performed with a compliance current of 50 mA as shown in Figure
3.20 (a). The current increases abruptly to the 50 mA compliance current at 3.5 V. However, this value of I
was not enough to prevent a permanent breakdown of the oxide i.e the reset of this sample was not possible

under negative polarization.

Chapter 3. Direct forming mechanism of Te-based conductive-bridge memories




103

Based on this result, a second bias application was performed using a lower l.. = 10 mA as shown in
Figure 3.20 (b). The current increases abruptly to reach the 10 mA compliance current at 3.3 V. However, as

for the first electrical test, the bias application with this I.c caused also a permanent breakdown of the oxide.

Figure 3.20 (c) shows the bias application using an I, =5mA. The |-V curve shows that during the
voltage application up to 4.5 V the current directly reaches the compliance without any clear jump of current.
This result demonstrated that this value of I.. is too low thereby preventing the resistive switching of the
memory. Table 3.12 summarizes the results of the electrical characteristics of each electrical test using I.. of

50, 10 and 5 mA.

These results show that under these electrical conditions, the TiTe/Al,Os cell does not present a
memory behavior i.e a reversible switch of the resistance. This result has motivated the analysis of this
memory using other electrical conditions. The electrical tests performed on this cell showed that this memory
can be formed under negative polarization with a reset under positive polarization. The analysis of the

negative forming will be shown in the next chapter 4 for TiTe and also for ZrTe.
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Figure 3.20. Current - voltage (I-V) curves obtained using an (a) .. = 50 mA, (b) 10 mA and (c) 5 mA for the
TaN/TiTe/Al,03/Ta stack.

Table 3.12. Electrical characteristics obtained using 50, 10 and 5 mA as lcc

Ri Rf Ri/ Rf lec Ve
Experiment
(10* Q) (102 Q) (Q) (mA) (V)
I 1.7 3.6 47 50 3.5
Il 5.0 1.7 300 10 3.3
11 10 1000 1 5 -
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3.3. Conclusion

For ZrTe/Al,03-based devices, the results showed the oxidation of Zr together with a correlated
alumina reduction during forming. This redox process is related to oxygen scavenging by the active top
electrode. This oxygen migration leads to the creation of positively charged V3* in the alumina, thereby
creating favored conductive paths. XPS depth profiling confirmed the oxygen diffusion from the Al,O3
towards the ZrTe top electrode. A four-layer capacitor model showed an increase of both the ZrO; and AlOy
interfacial layers thicknesses, confirming the redox process located between the active electrode and the
electrolyte. Furthermore the resistance switching caused also an elemental Te increase at the interface
ZrTe/Al,0;. Based on these results a plausible mechanism can be described as: a) first Te accumulates at the
interface and then some migrates b) second, local Te segregation might occur through V;° , acting as easier
diffusion paths towards the bottom electrode. A hybrid mechanism combining V;° formation by oxygen
transport with Te migration and filament formation, typical of OXRRAMs and CBRAMs, respectively occurs
during positive polarization. This study provides evidence of the physico-chemical phenomena involved
during the electroforming process. However, it cannot be excluded that other concurrent physical
mechanisms generate or contribute to the resistive switching.

In the case of a cell with TiTe as active electrode, a reversible resistive switching was not possible.
However, this cell presents a reversible resistive switching under negative polarisation. The analysis of the
forming under negative polarisation and subsequent reset under positive polarisation will be shown in the

next chapter.
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Chapter 4

4. Reverse forming and reset mechanism of Te-based conductive-
bridge memories

In this chapter we investigated the negative forming of Te-based CBRAMs, also called reverse
forming, in which a negative voltage is applied to the top electrode and the first reset step i.e. the first
transition from LRS to HRS. Negative forming was observed in several standard Cu-based CBRAM s structures
[70,71,137] and reported to be related to metal cations and/or oxygen vacancies (V;° ). Compared to positive
forming, the device operation is modified and the bottom electrode may also play a role together with the
active electrode. To test the validity of this scenario in the case of Te-based CBRAMs, we study the redox
phenomena observed in the different layers. We compare results obtained for three samples: as-grown i.e.
the pristine device with a HRS, formed i.e. the sample after the first transition between HRS and LRS and
reset i.e. the sample after the first transition between LRS and HRS. The aim is to clarify the switching
mechanisms and understand the chemical changes at both electrode/electrolyte interfaces for devices with
TiTe and ZrTe as active electrodes. The forming process implies a negative bias on the top electrode and so

strictly speaking is reverse forming, however, hereafter we will refer to the process simply as forming.

4.1. Investigation of TiTe/Al,0; based CBRAM

The reverse forming was analysed in this case since the positive polarisation caused an irreversible
switching of the TiTe/Al,Oscell (see section 3.2). On the contrary, the negative polarization enabled the reset
of the memory after the forming process as shown in Figure 4.2 (a). The first part of the analysis will show
the electrical characterization of the resistive switching process. The second part will show the results
obtained from the HAXPES experiments performed at the GALAXIES beamline of the SOLEIL synchrotron,
using a photon energy of 6.9 keV. The third part is a comparison of HAXPES results using different photon
energies to obtain a depth profile of the sample using 6.9 keV, 8 keV and 10keV. In the last part, we will show
ToF-SIMS depth profiling to study the elemental depth distribution profiles and possible interdiffusion for as-
grown, formed and reset samples. In this chapter, the stack is similar to the one used for the positive forming

analysis shown in chapter 3: TaN (5 nm)/TiTe (5nm)/Al,05 (5nm)/Ta (200 nm).
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4.1.1. Electrical characterization of the TiTe/Al,0s based sample

Firstly, we have performed the voltage application using different values of compliance current (lc)
to determinate the maximum value of this parameter that allows the forming and reset process of the cell.
The compliance current was chosen low enough to avoid a dielectric breakdown of the oxide but sufficiently
high to generate important chemical modifications in the insulating layer or at the interfaces with the
electrodes, facilitating the detection [126]. These tests were done with two different values of I such as: 10
mA and 30 mA. As we can observe in the current - voltage (I-V) curve obtained with an I of 30 mA in Figure
4.1, the bias application caused a permanent breakdown of the oxide, without any reset at positive bias.
However, as showed in Figure 4.2 (a), the current - voltage (I-V) curve obtained with an I, of 10 mA shows a
reversible resistive switching, with a reset at positive bias. Considering this result, an l.c of 10 mA was chosen
to analyze these cells. During the forming step, the current increases slowly when applying the negative
voltage and then abruptly at the forming voltage (Ve) of -3.0 V to reach the 10 mA compliance current. During
the reset step, a positive voltage is applied to the structure until reaching an abrupt decrease of the current

at the reset voltage (Vreset) of 0.55 V.
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Figure 4.1 Current - voltage (I-V) curve obtained using an I = 30 mA for the TaN/TiTe/Al,O3/Ta stack.
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Figure 4.2 Current - voltage (I-V) curve for the (a) forming and reset process of the reset sample and (b)
forming process of the formed sample for the TaN/TiTe/Al,03/Ta devices.

The device resistance measured before and after forming are Ras-grown = 3.3x10* © and Rrormed =
1.6x10% Q. The resistance ratio Ras-grown / Rrormed = 2.1x10% shows a change of two orders of magnitude in the
device resistivity by the formation of a conductive path (or paths) in the electrolyte. The resistance measured
after reset, Rreset = 5.0x10% Q, confirms the return towards the high resistive state. The HRS/LRS ratio is
therefore ~ 3.0x10%. Note that the resistance ratio is lower than that measured for the forming step, since
the initial state is not recovered during the reset.

The current - voltage (I-V) curves presented in Figure 4.2 (a) were measured for the sample after
resetting (reset sample). The |-V curve shown in Figure 4.2 (b) was measured on a different sample which
had only undergone forming (formed sample). Table 4.1 summarizes the results of the electrical

characteristics for the formed and reset samples analyzed by both HAXPES and ToF-SIMS.

Table 4.1. Electrical characteristics of the formed and reset samples analyzed by HAXPES and ToF-SIMS.

RAs-grown Rrormed RReset RAs-grown / RFormed/ lec Ve VReset
Sample . , 5 Rrormed RReset

(10*Q) | (10°Q) | (10°Q) (102) (10) (mA) (V) (V)
Formed 10 13 - 7.7 - 10 -3.0 -
Reset 3.3 1.6 5.0 2.0 3.0 10 -3.0 0.55

Taking into account five tests, we can obtain an average forming voltage of -3.0 V and an average reset
voltage of 0.6 V. Regarding the resistances, we have an average of as-grown and formed resistances of
2.5x10° Q and 1.4x10° Q respectively. The resistance ratio Rasgrown / Rrormed Was around 102-10% and the Ras.

grown / Rreset Was around 10* -102.
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4.1.2. Hard X-ray photoelectron spectroscopy (HAXPES) analysis

This study was divided in two parts. In the first part, we will show in detail the results obtained by
HAXPES at 6.9 keV. At this energy, the results showed a significant structural difference before and after the
forming and reset processes. The second part will show the results at different photon energies (at 6.9 keV,
8 keV and 10 keV), thus varying the sampling depth. This experimental approach provided information about
the depth distribution of the species in the stack before and after the bias application. HAXPES analyses were
performed at the GALAXIES beamline of the synchrotron SOLEIL [107,113]. The overall energy resolution
(beamline and spectrometer) was 110, 160 and 210 meV for 6.9, 8 and 10 keV photon energies respectively.
The values of A are estimated with the Tanuma equation [94] for Al 1s, Ti 1s, Te 3ds; and Ta 3dsp2
photoelectrons and are given in Table 4.2. The parameters used to fit the HAXPES peaks are presented in

Table A.1 and in Table A.2 (Binding Energies) in annex A.

Table 4.2 Inelastic mean free path for photon energy of 6.9, 8 and 10 keV. The sampling depth is defined to
be corresponding to 3\. [88]

6.9 keV 8.0 keV 10 keV

A (nm) A (nm) A (nm)
Al 1s 85+1.7 9.8+1.9 124+2.4
Tils 3.7+0.7 5.0+£1.0 8.0 1.6
Te 3ds/, 9.8+1.9 11.1+2.2 13.7+2.7
Ta 3ds,> 83116 9.7 £1.8 122123

4.1.2.1.  HAXPES - 6.9 keV

HAXPES was performed on the as-grown, formed and reset samples, and also on the bare Al,0s/Ta

structure outside the top electrode in order to provide reference spectra for tantalum and aluminum.

o Electrode metal chemistry

The Ta 3ds;, spectrum measured on the Al,03/Ta interface outside the device area is shown in Figure
4.3. The spectrum measured outside the top electrode serves as a reference to distinguish the contribution
of the Ta bottom electrode from the signal of the topmost TaN protective layer of the CBRAMs. As showed
before for the TaN/ZrTe/Al,O3/Ta sample in section 3.1.3 (Figure 3.6), the Ta bottom electrode was oxidized
at the Al,O3/Ta interface. In this case, the Ta spectrum shows an additional Ta,0s contribution at 1736.7 eV,
together with the Ta and TaOy contributions already observed at 1731.4 eV and 1733.4 eV respectively. This
higher oxidation, in comparison to the previous ZrTe/Al,O; cell, is due to an air break after the bottom

electrode deposition which caused an additional oxidation.
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Figure 4.4 shows the Ta 3ds/; spectra of the as-grown, formed and reset samples. The spectra have
been fitted with three contributions. The first component is characteristic of metallic Ta at 1731.4 eV, the
second component at 1733.4 eV is characteristic of TaN, only present in the capping layer, and tantalum sub-
oxide (TaO,) and the third one at 1736.7 eV is attributed to Ta,0s,

Ta 3d

5/2
Raw data

— Exp.Fit

Intensity (arb. units)

1740 1734 1728
Binding energy (eV)

Figure 4.3 Ta 3ds, core level spectrum obtained at 6.9 keV photon energy on the bare Al,Os/Ta structure.

The comparison between as-grown, formed and reset spectra showed a decrease of the metallic Ta
contribution (- 6.4 %) and an increase in oxidized Ta after forming and, conversely, an increase of metallic Ta

(+12 %) accompanied by a decrease of the TaOy and Ta;0s components after reset (see Table 4.3).

(a) As-grown (b) Formed (c) Reset

Ta 3d

5/2
Raw data

— Exp. Fit

Intensity (arb. units)

N

- RS - 2 =
1740 1735 1730 1725 1740 1735 1730 1725 1740 1735 1730 1725
Binding energy (eV)

Figure 4.4 Ta 3ds;; core level peaks obtained by HAXPES at 6.9 keV on (a) as-grown, (b) formed and (c) reset
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sample of the TaN/TiTe/Al,03/Ta stack.

Table 4.3. Relative areas (%) of the Ta 3ds» components measured outside the top electrode and for the as-
grown, formed and reset samples.

Ta TaOy or TaN Ta,05
Al,03/Ta 74.2+7.4 133+13 12.5+1.2
As-grown 21.0+21 41.0+4.1 38.0+3.8
Formed 146+1.4 44.0+4.4 41.4+4.1
Reset 26.7+2.6 39.7+3.9 33.6+£3.3

Figure 4.5 presents the Ti 1s spectra which also have three contributions. The definition of the
contributions was made using electronegativity arguments based on the values of binding energies for TiO;
and Ti® found in [138,139]. The low binding energy (LBE) component at 4965.6 eV was fitted using a Doniach-
Sunjic function [127] and is characteristic of the metallic TiTe alloy. The second component at 4967.0 eV was
fitted using a Lorentzian-Gaussian function and is characteristic of a TiOx suboxide and the third one at 4968.7

eV is attributed to TiO,. From these spectra we assumed two interfacial TiOx and TiO, layers at the TiTe/Al,Os3

interface.
(a) As-grown (b) Formed (c) Reset
Tils
Raw data
— Exp. Fit

Intensity (arb. units)

4974 4968 4962 4974 4968 4962 4974 4968 4962
Binding energy (eV)

Figure 4.5 Ti 1s core level peaks obtained by HAXPES at 6.9 keV on (a) as-grown, (b) formed and (c) reset
sample of the TaN/TiTe/Al,03/Ta stack.

The relative areas of each component for as-grown, formed and reset spectra are reported in Table
4.4. We observe a decrease of the TiO; area (-9.4 %) after forming. This is consistent with oxygen migration
towards the Ta bottom electrode favoring TaOy oxidation. On the other hand, the reset operation caused an
increase of TiO, (+ 11.6 %) at the top electrode/Al,O; interface, again consistent with oxygen transport back

into the TiTe top electrode, favoring TaOyx reduction at the Al,0s/Ta interface. Such a push-pull relationship
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has already been reported for OxRRAMs, see for example Berthaud et al. [140]. Furthermore a correlation
between oxygen migration and applied voltage on the device has been shown previously for the ZrTe/Al,O;

stack under positive forming in chapter 3.

Table 4.4. Relative areas (%) of the Ti 1s components for the as-grown, formed and reset samples.

TiTe TiOx TiO2
As-grown 324+3.2 27.2+2.7 40.4+4.0
Formed 32.5+3.2 36.5+3.6 31.0+3.1
Reset 30.9+3.0 26.5+2.6 426+4.2

Thus, the analysis of the Ti and Ta components of the top and bottom electrodes showed that the
applied bias causes oxygen migration in the direction of the polarity, driving redox reactions at both top and
bottom interfaces. Reduction of the pre-existing TiO, at the TiTe/Al,O; interface occurs together with
oxidation of TaO at the Al,03/Ta interface for forming, consistent with downward oxygen migration. For the
positive reset bias, the TiOy is oxidized at the top interface while at the bottom electrode, TaOx is reduced,
consistent with upwards oxygen migration. These observations, while providing valuable insight into the

oxygen push-pull process, do not reveal the filament formation in the resistive switching.

e Te and electrolyte chemistry

Figure 4.6 shows the Te 3ds/; spectra. The top electrode is a metallic TiTe alloy but the Te spectra are
asymmetric to higher binding energy, suggesting the possible presence of additional components. There are
two possibilities for the HBE components: phase separation with formation of elemental Te (semiconductor)
and/or oxidation of Te. The spectra have therefore been fitted with three components as showed before for
ZrTe/Al,0; samples. The major component at 582.9 eV is related with the TiTe alloy using simple
electronegativity arguments, the second component at 583.6 eV is characteristic of elemental semiconductor

Te and the HBE component at 584.9 eV is related to the oxide (TeOy) [130,131].
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(a) As-grown (b) Formed (c) Reset

Te 3d3 12

Raw data

— Exp.Fit

Intensity (arb. units)
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Binding energy (eV)

Figure 4.6 Te 3ds/; core level peaks obtained by HAXPES at 6.9 keV on (a) as-grown, (b) formed and (c) reset
sample of the TaN/TiTe/Al,03/Ta stack.

Table 4.5 shows the relative areas of each contribution in the as-grown, formed and reset spectra.
After forming, a decrease in the Ti-Te environment (- 7.2 %) and an increase in elemental Te (+6.6 %) was
observed, whereas the reset causes a decrease of elemental Te (-2.7 %) and an increase of the Ti-Te bonds
(+2.3 %). Importantly, both formed and reset samples show evidence for increased TeOy coordination with
respect to the pristine sample. This suggests a non-reversible correlation between the increase in elemental

Te and oxygen environment.

Table 4.5. Relative areas (%) of the Te 3ds>, components for the as-grown, formed and reset samples.

TiTe Te TeOx
As-grown 69.1+6.9 26.0+2.6 49104
Formed 619+6.1 326+3.2 55105
Reset 64.2+6.4 29.9+29 59105

The reference Al 1s spectrum measured outside the top electrode on the Al,03/Ta is shown in Figure
4.7. The Al 1s core level spectra for as-grown, formed and reset are shown in Figure 4.8. The Al 1s spectra
can be fitted using two components. The two contributions are a sub-oxide (labeled AlOy) at lower binding
energy (BE) of 1561.9 eV and fully oxidized Al,Os at a BE of 1562.7 eV. The relative areas are reported in Table
4.6.
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Al 1s

Raw data
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Al203

Intensity (arb. units)
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Binding energy (eV)

Figure 4.7. (a) Al 1s core level spectrum obtained at 6.9 keV photon energy on the bare Al,O3/Ta structure.

The spectrum measured outside the top electrode (see Figure 4.7) showed the alumina reduction
near the Ta bottom electrode, consistent with the presence of a TaOy layer (see Figure 4.3). Comparison
between this spectrum and that of the as-grown sample showed an increase of the relative AlOx contribution
(+ 16.2 %) in the latter. This result highlights the additional alumina reduction caused by the top electrode
deposition. Pumping of oxygen by the Ti evidenced in Figure 4.5 causes the creation of positively charged
oxygen vacancies V;° in the electrolyte. This reduction of the electrolyte may play a significant role in the

forming process [51,67,68].

(a) As-grown (b) Formed (c) Reset
Al 1s
Raw data
— Exp. Fit AI203

AlOy

Intensity (arb. units)

1566 1563 1560 1566 1563 1560 1566 1563 1560
Binding energy (eV)

Figure 4.8 Al 1s core level peaks obtained by HAXPES at 6.9 keV on (a) as-grown, (b) formed and (c) reset
sample of the TaN/TiTe/Al,03/Ta stack.
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The sub-oxide contribution (AlOy at 1561.9 eV) decreases by 9% relative to the main contribution
after forming. This is at first sight surprising since forming involves oxygen migration from top to bottom
electrode but may be understood if the diffusion results in oxidation of the Al suboxide at the bottom
interface. Conversely, application of a positive bias voltage to reset the HRS causes an increase of the AlOy
contribution (+4.2 %) for the reset state compared with the formed sample, consistent with oxygen transport

from the electrolyte towards the top electrode, i.e. oxygen scavenging at the top interface.

Table 4.6. Relative areas (%) of the Al 1s components measured outside the top electrode and for the as-
grown, formed and reset samples.

Al,O3 AlOy
Al,03/Ta 90.9+9.0 9.1+0.9
As-grown 74.7+7.4 253125
Formed 83.7+83 16.3+1.6
Reset 79.5+7.9 20.5+£2.0

The HAXPES analysis at 6.9 keV therefore shows evidence for oxygen migration towards the bottom

electrode during forming and concomitant redox reactions at both interfaces.

e Multilayer model

To try to quantify the redox phenomena caused by the forming and reset processes, we have used a
multilayer model [135,141] as described in section 3.1.3.1. We assume the presence of distinct layers of TiO;
and Te at the TiTe/AlLO3 upper interface, as shown in Figure 4.9. The layer structure is only a schematic to
allow approximate model calculations of equivalent thicknesses. For example, the interface layer of the top
electrode could well be a phase separated TiOy, Te and TiTe. This is a first attempt to provide a quantitative
insight which needs to be improved in the future. We need in particular to take into account the Ti oxide
layer at the upper TaN/TiTe interface for a better quantification.

We also assume that the released Te mainly stays at the interface. To calculate their respective
thicknesses, the intensity ratios extracted from the Ti 1s and Te 3ds/; core levels can be expressed using the
equation (4.3) and (4.4) as detailed in chapter 3. We assume that drio2+ drite =5 nm and dre+ drite =5 nm and
that the IMPFs of Ti 1s and Te 3ds/, photoelectrons were the same in all the layers of the stack and equal to

Ari = 3.7 nm and Are = 9.8 nm, respectively.
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The Ti 1s and Te 3ds/; spectra measured at 6.9 keV have been used to estimate respectively the TiO;
and Te thicknesses, because the changes are more pronounced at this energy. The results obtained for the

forming and the reset are summarized in Figure 4.9 and Table 4.7.

(a) As-grown (b) Formed (c) Reset
1.8 nm I Te 2.2 nm I Te 2.0 nm I Te
3.5nm I TiO, | 3.1nm || TioO, 3.6 nm I Tio,

Figure 4.9 Evolution of the thicknesses of the Te and TiO; layers during reverse forming and reset in the
TaN/TiTe/Al,0s/Ta memory stack.

Table 4.7. Estimated thicknesses of the Te and TiO; layers extracted from the quantitative model and the Te
3ds/; and Ti 1s core-level components intensities.

Sample d TiO; dTe
(nm) (nm)

As-grown 35 1.8
Formed 3.1 2.2
Reset 3.6 2.0

After the reverse forming, we see an increase of the interfacial Te-rich layer and a decrease of TiO;
layer thicknesses of the same order of magnitude (~0.4 nm). This result agrees well with the previous
conclusions regarding the accumulation of Te and the accumulation of oxygen vacancies in the TiTe/Al,O3
interface. Both phenomena seem to contribute in the same order of magnitude to the resistive switching
mechanism. After the reset, the Te-rich layer thicknesses decrease and the TiO; layer thicknesses increase of
0.2 nm and 0.5 nm respectively. The dissolution of oxygen vacancies seems to be the major mechanism

breaking the conductive paths.
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4.1.2.2.  HAXPES with varying probing depths

We have performed the same analysis at 8 and 10 keV photon energies in order to vary the depth
sensitivity (following the IMFPs given in Table 4.2). Figure 4.10 presents the Ti 1s spectra fitted with three
components obtained by HAXPES at 8.0 keV and 10 keV. Table 4.8 shows the relative areas of each
contribution in the as-grown, formed and reset spectra.

To evaluate the TiTe layer oxidation, the Figure 4.11 (a) shows the evolution of the relative areas (%)
of the Ti 1s components with increasing photon energies for the as-grown sample. The increase of the relative
area of TiOx and the decrease of the TiO; with the increase of the sampling depth indicates a multilayer model
based mainly on a TiO,/TiTe/TiOy configuration. This result invalidates the model described in the last section
that considered only the presence of titatium oxide at the TiTe/Al,O; interface.

Figure 4.11 shows the TiO,/TiTe area ratio extracted from the Ti 1s at 6.9, 8 and 10 keV for the
forming (b) and reset (c) steps. During the reverse forming, the TiO,/TiTe area ratio decreases at all the
photon energies, indicating some reduction of the TiO; interfacial layer. The opposite trend is observed for
the reset at all the photon energies (increase of the TiO,/TiTe area ratio), showing the oxidation of TiOx.

Changes are most pronounced at 6.9 keV, i.e. for a sampling depth of 11.1 nm, more sensitive to the TiTe.

Table 4.8. Relative areas (%) of the Ti 1s components for the as-grown, formed and reset samples obtained
by HAXPES at 8.0 keV and 10 keV.

8.0 keV 10 keV
TiTe TiOx TiO, TiTe TiOy TiO2
As-grown 346+3.4 35.7+35 29.7+29 31.0+3.1 42.8+4.2 26.2+2.6
Formed 36.0+3.6 354+35 28.6+2.8 37.0+3.7 39.7+3.9 23.3+2.3
Reset 346+3.4 354+35 30.0£3.0 32.8+3.2 40.9+4.0 26.3+2.6
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(a) 8 keV
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Figure 4.10. (a) Ti 1s core level peaks obtained by HAXPES at 8 keV and 10 keV on as-grown, formed and reset
samples of the TaN/TiTe/Al,03/Ta stack.
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Figure 4.11 (a) Relative areas (%) of the Ti 1s components for the as-grown sample obtained by HAXPES at
6.9 keV ,8.0 keV and 10 keV. TiO,/TiTe area ratios extracted from the Ti 1s line measured at 6.9, 8 and 10 keV
for (b) as-grown, formed and (c) formed, reset samples.

Figure 4.12 presents the Te 3ds/, spectra fitted with three components obtained by HAXPES at 8.0
keV and 10 keV. Table 4.9 shows the relative areas of each contribution in the as-grown, formed and reset
spectra. The Te/TiTe area ratios are plotted in Figure 4.13 as a function of photon energy and sampling depth
(3X). On forming, the Te contribution is enhanced at 6.9 keV (3A = 29.4 nm) at the expense of the TiTe
component whereas almost no changes are observed at higher energies (8 keV and 10 keV), more sensitive
to regions deeper in the stack. Te is liberated in the TiTe electrode and accumulates near the interface with
Al,Os. After the reset, there is a decrease of the Te/TiTe ratio for the lowest photon energies (6.9 keV and 8
keV), most sensitive to the TiTe/Al,Os interface. We suggest that this may reflect Te partially driven back into
the TiTe.
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Table 4.9. Relative areas (%) of the Te 3ds/, components for the as-grown and formed samples obtained by
HAXPES at 8 keV and 10 keV.

8 keV 10 keV
TiTe Te TeOx TiTe Te TeOx
As-grown 66.7 £ 6.6 25.1+2.5 8.2+0.8 67.0+6.7 27.2+2.7 5.8+0.5
Formed 66.1+6.6 245+2.4 9.4+0.9 69.0+6.9 24.8+2.4 6.0+0.6
Reset 69.3+6.9 21.7+2.1 9.0+0.9 67.2+6.7 27.0+2.7 5.8+0.5
(a) 8 keV
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Figure 4.12. (a) Te 3ds/, core level peaks obtained by HAXPES at 8 keV and 10 keV on as-grown, formed and
reset samples of the TaN/TiTe/Al,03/Ta stack.
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Figure 4.13. Te/TiTe area ratios extracted from Te 3ds;; measured at 6.9, 8 and 10 keV for (a) as-grown,
formed and (b) reset samples.

o Discussion of the HAXPES analyses

Considering the TiTe/Al,Os and Al,O3/Ta interfaces, two distinct ion transport mechanisms appear to
be at work during the forming and reset stages. The reduction of the pre-existing TiO, layer at the TiTe/Al,0;
interface (see Figure 4.5) after forming is correlated with the oxidation of the pre-existing TaOx layer at the
bottom electrode (see Figure 4.4), acting as an oxygen getter. These results are consistent with an oxygen
transport towards the bottom electrode and probably an increase of the V;° concentration near the
TiTe/Al,Os interface. In turn, the oxidation of the alumina layer deduced from the decrease of the AlOy
component after the forming process (- 9%) shown in Figure 4.8 may be related to the oxidation of the
alumina layer near of the Al,03/Ta interface caused by the diffusion of O2driven by the electric field.

The electrochemical reactions that occurs at each interface, based on these results, can be described
as:

At the TiTe/Al,03 interface:
TiOy + 2xe” © TiOx, + ¥/, 0% 4.1

At the Al,03/Ta interface:
TaOx/, + %/, 0%~ & TaOy4 + 2xe” 4.2

The reverse phenomena (TiOx oxidation and TaO, reduction) are observed during the reset, showing
oxygen movement from Al,03/Ta interface to TiTe layer. During the reset, the alumina is reduced at the

Al,O3/Ta bottom interface due to oxygen migration towards the top electrode whereas oxygen is injected
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into the interface layer with the TiTe electrode which acts as a getter. The results are consistent with an
oxygen transport across the stack, driven by the polarity of the applied bias. They suggest push-pull redox
reactions happening at the interfaces with the top and bottom electrodes as a function of bias[140]. The key
point is that the field induces matter transport and redox reactions at both top and bottom
electrode/electrolyte interfaces. Thus, both top and bottom electrode should be considered as active with
respect to oxygen transport (getters and reservoirs). These results denote a pure OXRRAM mechanism with
V5* formation inside of the oxide by oxygen transport. As described by Molas et al.[67], for a Cu-based cell,
a pre-forming under negative polarization can be used to improve the resistive switching of a CBRAM
inducing oxygen vacancies in the oxide and facilitating the injection of Cu ions inside the electrolyte during
the subsequent cycles of the cell.

A combination of both CBRAM and OXxRRAM mechanisms is also possible[67,70]. The Te /TiTe intensity
ratio analysis is consistent with significant Te release during forming and possible Te diffusion. The intensity
ratio suggests an accumulation of elemental tellurium at the TiTe/Al,Os interface after the forming process
(see Figure 4.13). Te release was favored by the oxidation of Zr in the case of standard forming of ZrTe-based
CBRAMs as shown in chapter 3 [9]. Here, however, the mechanism may be different because TiO; is reduced
at the TiTe/Al,O; interface because of oxygen transport during the forming whereas the Ti metal peak
intensity is unchanged. The driving force for Te migration might be the electric field, pushing Te % towards
the bottom electrode. Indeed, Te is known to be negatively ionized in TiTe or ZrTe alloys because of the
higher Te electronegativity (2.1) than Ti/Zr (1.6/1.5). This is consistent with the increase of Te in the elemental
form in the Te 3ds;; spectra and the slight decrease after resetting. Te which has separated out at the
interface or even migrated inside Al,Os is also more likely to have an environment including some oxygen
atoms, which could well explain the increase in the TeOx component after forming. The major changes in the
Te intensities happen during forming and are not recovered during the reset, evidence that the forming
process is not fully reversible and that Te does indeed participate in the resistive switching.

It is important to note that even if the proposed mechanism considers only the changes at the
alumina interfaces, the results with the variation of the probing depth (section 4.1.2.2.) showed also the
presence of titanium oxide at the TaN/TiTe interface. Therefore, the preliminary multilayer model proposed
in section 4.1.2.1. can not describe with accuracy the changes in the structure caused by the resistive
switching. Indeed, our results showed that the redox process is not limited to the interface and probably
occurs across the entire TiTe layer.

To better understand the possible O and Te diffusion during the resistive switching a ToF-SIMS depth

profile was performed on the three samples in the next section 4.1.3.
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4.1.3. ToF-SIMS depth profiling

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was used to study the elemental
distribution depth profiles and possible interdiffusion of tellurium and oxygen during the resistive switching
for as-grown, formed and reset samples. ToF-SIMS data were collected using an ION-TOF ToF-SIMS 5
instrument using the same experimental parameters as mentioned in section 3.1.5. Figure 4.14 shows the
ToF-SIMS depth profiling data for all elements presents in the stack for as-grown (solid line), formed (dash
line) and reset (dot line) samples. To provide a better visualization of the O, Te and Zr depth profiles, the
comparisons between as-grown, formed and reset samples are shown in Figure 4.15 and Figure 4.16 (a) and

(b) respectively.
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Figure 4.14. ToF-SIMS depth profiles of as-grown (solid line), formed (dash line) and reset (dot line) samples
for Al*, OCs,*, NCs,*, TeCs,*, TiCs* and TaCs".

4.1.3.1. Oxygen depth profiling

Figure 4.15 shows the oxygen and tantalum ToF-SIMS profiles in the MCs,* mode (OCs;* and TaCs")
for as-grown, formed and reset samples. The TaCs* depth profiles (dotted lines) were used in order to guide
the eye and define the top (TaN) and bottom (Ta) electrodes and thus to facilitate the analysis of the oxygen
distribution in the stack.

The formed sample depth profile (red line) showed a shift of the oxygen content towards the bottom

electrode in comparison to as-grown (black line). This shift is correlated with the HAXPES analysis that shows
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an oxygen movement from the upper negatively biased electrode towards the bottom electrode driven by
the electric field. The variation in the oxygen content is not so pronounced for the reset sample in comparison

to formed since the reset process causes smaller changes in the structure than the forming process [1,22].
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Figure 4.15. ToF-SIMS depth profiles of as-grown, formed and reset samples for OCs," and TaCs".

4.1.3.2. Te and Ti depth profiling

Figure 4.16 (a) shows the tellurium ToF-SIMS depth profiling data in the MCs,* mode (TeCs;") for as-
grown, formed and reset samples. The formed depth profile shows a shift towards longer sputtering times in
comparison to as-grown. This shift can be related to a diffusion of tellurium from the TiTe layer towards the
electrolyte layer after the forming process. This tellurium diffusion is consistent with the elemental Te release
proposed for subquantum CBRAMs based on HAXPES measurements. The major changes happen again
during forming, confirming that the initial state is not completely recovered during the reset. On the other

hand, the TiCs* profiles shown in Figure 4.16 (b) are rather stable for the three resistive states.
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Figure 4.16. ToF-SIMS depth profiles of as-grown, formed and reset samples for (a) TeCs,* and (b) TiCs".

4.1.4. Summary of the reverse forming and reset process for TiTe/Al.O3 based
CBRAM

On the basis of these results, we suggest the forming and reset mechanisms which are shown
schematically in Figure 4.17. During forming, we think there is coexistence of interfacial redox processes and
localized diffusion mechanisms. Redox processes take place at both TiTe/Al,03; and Al,O3/Ta interfaces. TaOy
at the bottom electrode is oxidized, with a correlated TiOx reduction at the top electrode. These redox
processes are activated by oxygen migration, the 0% ions drifting downwards under the negative bias applied
on the top TaN electrode. A corresponding increase of the oxygen vacancies concentration at the TiTe/Al,O3

interface is assumed. This oxygen migration was confirmed by the oxygen ToF-SIMS depth profiles for as-

grown and formed samples, as shown in Figure 4.15.
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In parallel, the HAXPES spectra highlight the accumulation of Te at the TiTe/Al,0; interface. Similarly,
to oxygen, Te? might also drift inside the alumina under the applied field. This migration of Te was evidenced
by the shift towards the bottom electrode of the Te ToF-SIMS depth profiling (see Figure 4.16 (a)).
Considering a hybrid mechanism, a possible physical interpretation of the forming mechanism is thus the
coexistence of phenomena typical of both CBRAMs (Te migration) and OxRRAMs (V3* formation by oxygen
transport). Thus, the resistive switching mechanism is possibly related to the presence of V;°* inside the
alumina but also to Te drift [70,71,137].

The ions and V;° transport mechanisms are reversed during the reset a) TaOyx reduction and TiOy
oxidation following the oxygen movement towards the top electrode, b) less free Te is observed probably
because driven back into the top electrode, reforming the TiTe alloy. Both the recombination of oxygen ions
with V3* at the TiTe/Al,Os interface by reoxidation and the loss of Te near TiTe might help to switch back

the structure in a high resistance state.
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| mre@am | o) | mime cum | AN e gnm |
Te Te* Te Te
TiO, Iy o;o TiO, . O “Tio, Vo
(@9) O o O I
O o Yo o0 | T!O o O
o ALOs5nm O g ALO;5nm Vg O 0ALO,5nm
_____________________ @i cian Oo
_________ TaO, _______ o TaOy. [ Ta0, |
Ta 200nm NS Ta 200nm 0% Ta 200nm
————— + |

Figure 4.17 Schematic of the (a) as-grown sample and the redox processes and matter transport taking place
during (b) forming and (c) reset in the TaN/TiTe/Al,Os/Ta stack.

This work provides evidence that the OXRRAM mechanism occurs in the TiTe/Al,0s-based CBRAM
when a negative voltage is applied on the device. In addition, the results showed a Te release from the top
electrode during the forming process. Note that the increase of the elemental Te does not necessarily imply
migration, it may also be due to the formation of Te-Te bonds inside the top electrode. In this case only the
formation of oxygen vacancies inside of the electrolyte then an OXRRAM behavior may explain the resistive

switching of the forming process.
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4.2. Investigation of ZrTe/Al,0; based CBRAM

This section shows the second part of the reverse forming and reset processes study using ZrTe as
active electrode. In this study we used a similar sample than for the positive forming analysis shown in

chapter 3 for the SOLEIL measurements: TiN (5 nm)/ZrTe (5nm)/Al,03 (5nm)/Ta (200 nm) stack.

4.2.1. Electrical characterization of the ZrTe/Al,0s based sample

The definition of the compliance current was performed as showed in section 4.1.1. The I, = 10 mA
was chosen since this value protected the oxide of a permanent breakdown. The typical I-V curves measured
under ambient atmosphere for the TiN/ZrTe/Al,0s/Ta devices are shown in Figure 4.18 (a) for the forming
and reset steps (reset sample). The I-V curve shown in Figure 4.18 (b) was measured on a different sample
which had only undergone forming (formed sample). During the forming step, the current increases slowly
when applying the negative voltage and then abruptly at the forming voltage (V) of -3.8 V to reach the 10
mA compliance current. During the reset step, a positive voltage is applied to the structure until reaching an

abrupt decrease of the current at the reset voltage (Vreset) of 0.6 V.
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Figure 4.18. Current - voltage (I-V) curves for the (a) forming and reset process of the reset sample and (b)
forming process of the formed sample for the TiN/ZrTe/Al,0s/Ta devices.

The device resistance measured before and after forming are equal to Rasgrown = 1.25x10* Q and
Rrormed = 1.18x10% Q. The corresponding resistance ratio Ras-grown / Rrormed = 1.1 102 shows a significant change
of the devices resistivity by the formation of a conductive path (or paths) in the electrolyte. The resistance

measured after reset, Rreset = 1.1x10* Q, confirms the return towards the high resistive state. The HRS/LRS

ratio is therefore ~ 9.4x10%.

Table 4.10 summarizes the results of the electrical characteristics for the formed and reset samples

analyzed by both HAXPES and ToF-SIMS.
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RAs—grown Rrormed RReset RAS'ng“ / RFormed/ lec Ve VReset
RFormed RReset
Sample
(10*Q) (102Q) | (10*Q) (10Y) (10Y) (mA) (V) (V)
Formed 1.0 1.42 - 7.0 - 10 -3.7 -
Reset 1.25 1.18 1.1 11.0 9.4 10 -3.8 0.6

Taking into account three tests, we can obtain an average forming voltage of -3.7 V and an average
reset voltage of 0.6 V. Regarding the resistances, we have an average of as-grown and formed resistances of

1.0x10%Q and 1.3x10%Q respectively. The resistance ratio Ras.grown / Rrormed Was around 10%-102,

Note that the Ve measured for this sample was higher than the breakdown voltage value estimated
(3.6 V) for an alumina layer of 5 nm (see section 3.1.1.). However, the reset step shown in Figure 4.18 (a)
demonstrates that the oxide has not undergone an irreversible damage during the negative bias application

and can be partially erased by applying the opposite polarity to the structure.

4.2.2. Hard X-ray photoelectron spectroscopy (HAXPES) analysis

This study was divided in two parts. In the first part, we will show in detail the results obtained by
HAXPES at 8.0 keV. At this energy the results showed a significant structural difference before and after the
forming and reset process. The second part will show the results at different photon energies (at 6.9 keV, 8
keV and 10 keV), thus varying the sampling depth. The values of A are estimated with the Tanuma equation
[94] for Al 1s, Zr 2ps/2, Te 3ds/; and Ta 3dsy; photoelectrons and are given in Table 4.11. The parameters used

to fit the HAXPES peaks are presented in Table A.1 and in Table A.2 (Binding Energies) in annex A.

Table 4.11 Inelastic mean free path for photon energy of 6.9, 8 and 10 keV. The sampling depth is defined to
be 3 A. [88]

6.9 keV 8.0 keV 10 keV

A (nm) A (nm) A (nm)
Al 1s 8.8+1.8 10.0+£2.0 126+25
Zr 2ps) 7.7+15 9.4+1.9 11.6+2.3
Te 3ds)2 10.1+£2.0 11.4+23 14.0+2.8
Ta 3ds)2 85+1.7 10.0+£2.0 12.5+25
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4.2.2.1. HAXPES - 8.0 keV

HAXPES was performed on the as-grown, formed and reset samples, and also on the bare Al,03/Ta

structure outside the top electrode in order to provide reference spectra for aluminum.

o Electrode metal chemistry

The characterization of the bottom electrode was made by analyzing the Ta 3ds;; spectra showed in
Figure 4.19. The spectra have been fitted considering three contributions. The first contribution is
characteristic of Ta at 1731.4 eV, the second component at 1733.4 eV is characteristic of tantalum sub-oxide
(TaOy) and the third component at 1736.7 eV is characteristic of Ta;0s. The deconvolution procedure for the
as-grown spectrum highlights the presence of tantalum oxide at the Al,0s/Ta interface. The comparison
between as-grown, formed and reset spectra showed a decrease of the metallic Ta contribution (- 2.7 %) and
an increase in oxidized Ta after forming and, conversely, an increase of metallic Ta (+ 2.0 %) accompanied by

a decrease in the TaOx and Ta,0s after reset (see Table 4.12).
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Figure 4.19 Ta 3ds/, core level peaks obtained by HAXPES at 6.9 keV on as-grown, formed and reset sample
of the TiN/ZrTe/Al,Os/Ta stack.

Table 4.12 Relative areas (%) of the Ta 3ds;, components measured outside the top electrode and for the
as-grown, formed and reset samples.

Ta TaOy Ta,05
As-grown 744+7.4 16.3+1.6 9.3+0.9
Formed 71.7+7.1 17.8+1.7 10.5+1.0
Reset 73.7+73 16.7+1.6 9.6+0.9
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Figure 4.20 presents the Zr 2ps;; spectra measured at 8 keV for as-grown, formed and reset samples.
As shown before in section 3.1.3., a preliminary redox process at the ZrTe/Al,O; causes the Zr oxidation by
oxygen scavenging from the alumina layer. Therefore, the deconvolution of these Zr 2ps/; spectra have been
done considering two contributions. The first component at 2222.8 eV was fitted using a Doniach-Sunjic [127]
function and it is characteristic of the ZrTe alloy. The second component at 2224.3 eV was fitted using a
Lorentzian-Gaussian function and it is characteristic of ZrO..

A comparison between the relative areas of each component for the as-grown, formed and reset
spectra is presented in Table 4.13. We can observe a decrease of the ZrO; area (-5.5 %) with respect to the
main peak after negative forming. This result is consistent with the increase of TaOy and Ta;0s contributions
shown in the Table 4.12 and highlights an oxygen migration, probably in the O% form, towards the bottom
electrode. On the other hand, the reset operation (positive polarization) caused an increase of ZrO,
contribution (+ 6.8 %) again consistent with oxygen transport back into the ZrTe top electrode, favoring TaOx
reduction at the Al,O/Ta interface. Note that the ZrO, component includes again a contribution related to the
Zr oxidation at the TiN/ZrTe interface which partially hide the redox phenomenon occurring at the buried

ZrTe/Al,Osinterface.
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Figure 4.20 (a) Zr 2ps/, core level peaks obtained by HAXPES at 8 keV on as-grown, formed and reset sample
of the TiN/ZrTe/Al,03/Ta stack.

Table 4.13. Relative areas (%) of the Zr 2ps;, components for the as-grown, formed and reset samples
obtained by HAXPES at 8 keV.

ZrTe ZrO;
As-grown 83.2+8.3 16.8+1.6
Formed 88.7+8.8 11.3+1.1
Reset 81.9+8.1 18.1+1.8
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e Te and electrolyte chemistry

The Te 3ds/, spectra measured for the three different states are shown in Figure 4.21. These peaks
have been fitted considering three contributions. The major component at 582.9 eV is related with the ZrTe
alloy, the second component at 583.6 eV is characteristic of elemental Te (semiconductor) and the last
component at 584.9 eV is related with tellurium sub-oxide (TeOy) [130,131].

Table 4.14 shows the relative areas comparison extracted from as-grown, formed and reset spectra.
After the forming operation, as a result of negative polarization, a decrease in the Zr-Te bonds (- 6.1 %) and
an elemental tellurium increase (+ 6.9 %) was observed. In turn the reset operation causes the reverse
process with a reduction of elemental tellurium (-2.3%) and an increase of the ZrTe bonds (+2.2%). Note that

changes are again less pronounced for the reset process such as for TiTe.
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Figure 4.21 Te 3ds/, core level peaks obtained by HAXPES at 8 keV on: a) as-grown, b) formed and c) reset
states of the TiN/ZrTe/Al,03/Ta stack.

Table 4.14. Relative areas (%) of the Te 3ds» components for the as-grown, formed and reset samples
obtained by HAXPES at 8 keV.

ZrTe Te TeOx
As-grown 83.3+8.3 124+1.2 43104
Formed 77.2+7.7 19.3+1.9 3.5+0.3
Reset 79.4+7.9 17.0+1.7 36103

The Al 1s reference spectrum measured outside the top electrode on the Al,03/Ta is shown in Figure
4.22.The Al 1s core level spectra for as-grown, formed and reset are shown in Figure 4.23. The decomposition
of these Al 1s spectra took into account two contributions: aluminum sub-oxide (labeled AlO,) at binding
energy (BE) of 1561.9 eV and fully oxidized Al,O3 at 1562.7 eV. The relative areas of these components are

given in Table 4.15.
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Figure 4.22. (a) Al 1s core level spectra obtained at 8.0 keV photon energy on the bare Al,O3/Ta structure.

The comparison between the spectrum measured on the bare Al,03/Ta structure and that of the as-
grown sample showed an increase of the relative AlOy contribution (+ 9.9 %) in the latter. This result highlights
the additional alumina reduction caused by the top electrode deposition. Pumping of oxygen by the Zr

evidenced in Figure 4.20 causes the creation of positively charged oxygen vacancies V;° in the electrolyte.
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Figure 4.23 Al 1s core level peaks obtained by HAXPES at 8 keV on: a) as-grown, b) formed and c) reset states
of the TiN/ZrTe/Al,Os/Ta stack.
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Table 4.15. Relative areas (%) of the Al 1s components for the as-grown, formed and reset samples.

Al,Os AlOy
Al,05/Ta 91.9+9.1 8.910.8
As-grown 81.2+8.1 18.8+1.8
Formed 89.6+8.9 104+1.0
Reset 849+84 15.1+15

These results showed also a decrease of the sub-oxide contribution (AlOx at 1561.9 eV) relative to the
main contribution (Al,O3 at 1562.7 eV) for the formed state with respect to the as-grown stack (-8.4 %). After

the reset process the results showed an increase of the AlOy contribution (+ 4.7 %).

e Multilayer model

To try to quantify er quantify the redox phenomena caused by the forming and reset processes, we
have used a multilayer model [135,141]. We assume the presence of distinct layers of ZrO, and Te at the
ZrTe/Al,O; upper interface, and of TaO, (TaOy = TaOx + Ta,0s) at the Al,03/Ta interface as shown in Figure
4.24. In this case, the calculation of the TaO, layer thicknesses was possible since the Ta 3ds;, spectra only
presents the contribution of the Ta bottom electrode. The layer structure is only a schematic to allow
approximate model calculations of equivalent thicknesses. For example, the interface layer of the top
electrode could well be a phase separated ZrO,, Te and ZrTe and the interface layer of the bottom electrode
could be a phase separated TaOy, and Ta.

We also assume that the released Te mainly stays at the interface. To calculate their respective
thicknesses, the intensity ratios extracted from the Zr 2ps/, ,Te 3ds/2 and Ta 3dsy; core levels can be expressed
using the equation (4.7), (4.8) and (4.9) as detailed in section 3.1.3.1. We assume that dzoz+ dzre = 5 nm, dre+
dzte =5 nm and draop+ dra = © nm and that the IMPFs of Zr 2ps/,, Te 3d3/; and Ta 3ds; photoelectrons were

the same in all the layers of the stack and equal to Ati=9.4 nm, Are=11.4 nm and, At = 10.0 nm , respectively.

—-d Zr02
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The Zr 2pss;, Te 3ds; and Ta 3ds; spectra measured at 8.0 keV have been used to estimate
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respectively the ZrO,, Te and TaO, thicknesses, because the changes are more pronounced at this energy.

The results obtained for the forming and the reset are summarized in Figure 4.24 and Table 4.16.

(@) As-grown () Formed (c) Reset
ZrTe ZrTe ZrTe
Te 4 0.8nm Te | 1.120m G $1.0nm
1.0 nm } 710, 0.71 nm 3 Z10, 1,14 nm3 7r0,
Al O; AL, O3 AL O;
2.2 nmI TaO, 2.35 nmI TaO, 2.2 nmI TaO,

Figure 4.24 Evolution of the thicknesses of the Te, ZrO; and TaOy layers during reverse forming and reset in
the TiN/ZrTe/Al,0s/Ta memory stack.

Table 4.16. Estimated thicknesses of the TiTe/Te and TiTe/TiO; stacks extracted from the quantitative model
and the Te 3ds/2, Zr 2ps/2 and Ta 3ds/; core-level components intensities.

Sample d ZrO, dTe d TaOy
(nm) (nm) (nm)
As-grown 1.0 0.80 2.20
Formed 0.71 1.12 2.35
Reset 1.14 1.0 2.20

After the forming, we see an increase of the interfacial Te-rich layer and a decrease of ZrO, layer
thicknesses of the same order of magnitude (~0.3 nm). This result agrees well with the previous conclusions
regarding the accumulation of Te and the accumulation of oxygen vacancies in the ZrTe/Al,O; interface. Both
phenomena seem to contribute in the same order of magnitude to the resistive switching mechanism. In
addition, we have an increase of TaOy layer thickness (0.15 nm). This result agrees with the migration of O*
towards the bottom electrode driven by the electric field. After the reset, the Te-rich layer and TaO,
thicknesses decrease (-0.12 and -0.15 nm) and the ZrO, layer thickness increases of 0.4 nm. The dissolution
of oxygen vacancies seems again to be the major mechanism breaking the conductive paths.

It is important to note that considering only the contribution of ZrO; at the ZrTe/Al,Os interface is
an approximation. This model can not describe with accuracy the redox process during the resistive swithing

as showed before in section 3.1.3.2.
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4.2.2.2. HAXPES with varying probing depths

We have performed the same analysis at 6.9 and 10 keV photon energies in order to vary the depth
sensitivity. Figure 4.25 presents the Zr 2ps/; spectra fitted with two components obtained by HAXPES at 6.9
keV and 10 keV. Table 4.17 shows the relative areas of each contribution in the as-grown, formed and reset

spectra.

Figure 4.26 shows the ZrO,/ZrTe area ratio extracted from the Zr 2ps3,> at 6.9, 8 and 10 keV for the
forming (a) and reset (b) steps. During the forming, the ZrO,/ZrTe area ratio decreases at 8 keV whereas
almost no changes are observed at 6.9 keV and 10 keV. Again, the ZrO,/ZrTe area ratio is higher at 6.9 keV
than 10 keV, confirming the presence of ZrO; also at the TiN/ZrTe interface. Changes are most pronounced
at 8 keV, i.e. for a sampling depth of 28.2 nm, indicating that Zr reduction mainly occurs at the buried
ZrTe/Al03 interface=The increase of the ZrO,/ZrTe area ratio is observed for the reset at all the photon
energies showing that the oxygen is re-injected into the top electrode, under the effect of the positive bias.

Table 4.17. Relative areas (%) of the Zr 2ps;; components for the as-grown, formed and reset samples
obtained by HAXPES at 6.9 keV and 10 keV.

6.9 keV 10 keV
ZrTe ZrO; ZrTe ZrO;
As-grown 72.7£7.2 27.3+2.7 79.7+7.9 20.3+£2.0
Formed 73.0+£7.3 27.0t£2.7 80.9+8.0 19.1+1.9
Reset 70.5+7.0 29529 79.3+79 20.7+2.0
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Figure 4.25. (a) Zr 2ps/> core level peaks obtained by HAXPES at 6.9 keV and 10 keV on as-grown, formed and
reset samples of the TaN/TiTe/Al,05/Ta stack.
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Figure 4.26. ZrO,/ZrTe area ratios extracted from Zr 2ps» measured at 6.9, 8 and 10 keV for (a) as-grown,
formed and (b) reset samples.
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Figure 4.27 presents the Te 3ds;; spectra fitted with three components obtained by HAXPES at 6.9
keV and 10 keV. Table 4.18 shows the relative areas of each contribution in the as-grown, formed and reset
spectra. The Te/ZrTe area ratios are plotted in Figure 4.28 as a function of photon energy and sampling depth
(3M). After the forming, the Te/ZrTe area ratio increased at all the photon energies but mainly at 8 keV. This
result agrees with the previous observations for TiTe that show a release of Te during the forming process.

After the reset, there is a decrease of the Te/ZrTe area ratio also at all the photon energies.

Table 4.18. Relative areas (%) of the Te 3ds; components for the as-grown and formed samples obtained
by HAXPES at 6.9 keV and 10 keV.

6.9 keV 10 keV
ZrTe Te TeOx ZrTe Te TeOy
As-grown 80.9+8.0 16.2+1.6 29+0.2 73.1+7.3 19.7+1.9 7.2+0.7
Formed 79.7+7.9 17.6+1.7 2.7+0.2 71.6+7.1 21.7+2.1 6.7+0.6
Reset 81.2+8.1 15.5+15 3.3+0.3 76.7+7.6 17.6+1.7 5.7+05
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Figure 4.27. (a) Te 3ds/; core level peaks obtained by HAXPES at 6.9 keV and 10 keV on as-grown, formed and
reset samples of the TaN/TiTe/Al,05/Ta stack.
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Figure 4.28. Te/ZrTe area ratios extracted from Te 3ds;; measured at 6.9, 8 and 10 keV for (a) as-grown,

formed and (b) reset samples.

e Discussion of the HAXPES analyses

Our results showed a preliminary redox process at the ZrTe/Al,Os interface during the top electrode

deposition process. As showed before in section 3.1.3.1, Zr scavenges the oxygen, leading to a reduction of

the dielectric layer.

After the forming process, the analysis of the Zr and Ta components of the top and bottom electrodes

(Zr reduction and Ta oxidation) showed a mechanism similar to that described for TiTe/Al,O3 samples, i.e. the

applied bias causes oxygen migration in the direction of the polarity, driving redox reactions at both top and

bottom interfaces. The application of a negative bias voltage causes also an oxygen reinsertion in the alumina

layer. As discussed before for TiTe/Al,Os devices, the migration of O* towards the bottom electrode causes

an oxidation of the Al suboxide at the bottom Al,03/Ta interface.

The electrochemical reactions that occur at each interface during the forming process, based on these

results, can be described as:
At the ZrTe/Al,Os interface:
Zr0, + xe~ o Zr*t + x 0%~

At the Al,03/Ta interface:
TaOx/, + %/, 0%~ & TaOy + 2xe”

4.5

4.6
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The reverse phenomena (ZrO; oxidation and TaOy reduction) are observed during the reset, showing
oxygen movement from Al,0s3/Ta interface to ZrTe layer. In addition, we can see an increase of the AlOy
contribution (+4.7 %) for the reset state in comparison with the formed sample. Thus a reduction of the
alumina layer occurs next to the interface with Ta bottom electrode due to oxygen migration towards the
top electrode. Oxygen is injected into the interfacial layer with the ZrTe electrode which acts as a getter.

After the forming, the Te/ZrTe area ratio increased at all the photon energies. This result agrees with
the previous results that show a release of Te and possible diffusion during the forming process. After the
reset the Te/ZrTe area ratio decreased at all photon energies. We suggest that this may reflect Te partially
driven back into the TiTe.

Based on these results a combination of OXRRAM (creation of V;° in the oxide) and CBRAM (Te

migration) mechanism is also possible to explain the resistive switching of ZrTe/Al,03 samples.

4.2.3. Summary of the reverse forming and reset process for ZrTe/Al,Os based
CBRAM

Based on these results, we suggest a similar forming mechanism than the one proposed for TiTe-
based cells, as shown schematically in Figure 4.29. The main difference is a reduced oxidation of the ZrTe
active electrode in the as-grown state. The ZrO; thickness is equal to 1 nm compared to 3.5 nm of TiO; for
TiTe. There is thus less oxygen scavenging from the alumina with less oxygen vacancies at the ZrTe/Al,O;
interface. Considering that these defects are a prerequisite for the forming of such CBRAM cells, this is

consistent with the higher |V¢| needed for ZrTe (3.7 V instead of 3V).

a) As-grown Reverse Forming Reset
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Figure 4.29 Schematic of the redox processes and matter transport taking place during the forming and reset

process in the TiN/ZrTe/Al,O3/Ta stack.
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Our results showed an increase of the |Ve| under negative polarisation (3.7 V) in comparison to the
|[Ve]| measured under positive polarisation (3.0 V). We know that a positive bias causes an oxygen migration
towards the top electrode and consequently a Zr oxidation. The positive forming, based on this Zr oxidation
and Te release, is easy to induce because the formation of ZrO, is thermodynamically more favourable in
comparison with Al,03, as shown by the Ellingham diagram in Figure 3.9.

Regarding the reverse forming, the oxygen scavenging is related to the less favourable oxidation of
Ta bottom electrode and thus harder to induce. Therefore, our results showed that a positive forming is more

adapted to ZrTe/Al,O3 cells considering the interest of decreasing power consummation during this step.

4.3. Conclusion

In summary, it can be concluded that in the reverse forming of Te-based subquantum CBRAMs, the
Ta bottom electrode acts as an oxygen getter creating oxygen vacancies at the Ti(Zr)Te/ Al,Os interface. The
oxygen movement in the form of O% is driven by the electric field from the upper negatively biased electrode
towards the bottom one. Forming also causes an accumulation of elemental Te near the top interface. Te*
might also be pushed inside the alumina by the electric field. On reset there is a partial recombination of
oxygen ions with V;° near Ti(Zr)Te/Al,O3 interface together with a loss of Te. These results strongly suggest

that CBRAM (Te transport) and OXRRAM (V;° migration) mechanisms coexist in these Te-based memory cells.
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Chapter 5

5. In-situ chemical investigation of the direct forming by X-ray
photoelectron spectroscopy

In this chapter, we investigate the forming process performed in-situ, i. e. under ultra high vacuum,
to get closer to real operating conditions. X-ray photoelectron spectroscopy is performed to analyse the
surface and bulk chemical composition, by combining standard and depth profiling measurements. Results
are compared with forming under air exposure (ex-situ forming) to highligth the role of oxygen from air on

the resistive swithing.

5.1. Investigation of ZrTe/Al,03; based CBRAM

Here, we further investigate the role of oxygen in resistive switching, in particular the impact of
oxygen from air. The results shown in chapter 3 and 4 provide evidences that the forming mechanism for Te-
based CBRAMs is based on the coexistence of phenomena typical of both CBRAMs (Te migration) and
OxRRAMs (V;5* formation by oxygen transport). Therefore, when performing resistive switching in such
devices, we can not rule out a possible impact of the environment, typically ambient air, on the resistive
switching mechanism. Indeed, this environment provides an additional oxygen reservoir which might
influence the internal oxygen scavenging processes and oxygen vacancies formation in the oxide layer. As a
consequence, oxygen movements and corresponding oxidation/reduction processes might be modified. This
has already been mentioned in the literature for standard OxRRAMs[12—-14] . D. S. Jeon et al. [12] have
reported that the external oxygen from air can be incorporated in the top electrode under positive bias
application, causing chemical oxidation at the interface with the oxide layer and consequently retarding the
accumulation of oxygen vacancies responsible by the resistive switching. L. Goux et al. [14] showed that the
thickness of the top electrode and the operating environment have strong influence on the resistive switching
and on the stability of the device. In addition, Ding et al.[13] showed that under positive polarization in
vacuum conditions, some oxygen outgases into the ambient air increasing the oxygen vacancies
concentration in the oxide and also at the top electrode/ oxide interface, resulting in a Vs decrease. This
analysis shows that, under vacuum, the oxygen scavenging at the top interface is enhanced, facilitating the

forming process.
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We use X-ray photoelectron spectroscopy with in-situ electrical biasing to highlight the influence of
the environment on forming of Te-based CBRAMSs. With this technique, it is possible to analyse the variation
of the surface top electrode oxidation caused by the bias application. XPS depth profiling also provides
information about the depth distribution of elements. In this chapter, we compare surface and bulk chemical
changes in a Te-based CBRAM during in-situ and ex-situ forming. Using a specific sample holder, we directly
combine in-situ electrical biasing with XPS standard and depth profiling measurements. Spectra are acquired
before and after the forming step, corresponding to the transition between the virgin state (VS) and the low
resistive state (LRS). This work is important to clarify the influence of the atmosphere on CBRAMs resistive

switching.

5.1.1. CBRAM sample used for in-situ analysis

In this study we used a similar sample to that for the positive forming analysis shown in chapter 3 for
the Spring-8 experiment: TiN (15 nm)/ZrTe (10nm)/AlLOs; (5nm)/Ta (200 nm) stack. To facilitate the
positioning of the electrical contact on the top electrode (as shown below in Figure 5.2) a square sample was

used for this analysis as shown in Figure 5.1.

Al,0;/Ta
 /
/
:/ 2 mm

Figure 5.1. Top-view of the sample used in the in-situ analysis.

5.1.2. In-situ electrical switching assembly

In-situ forming was performed in the XPS analysis chamber using a specific sample holder (see Figure
5.2) from ULVAC-PHI, allowing in-situ electrical connections directly in the analysis chamber. Two electrical
contacts were performed on the memory cell. The bottom Ta electrode was connected using a gold wire and
conductive silver paste. The top electrode was contacted approaching a copper tip on the TiN surface. The
memory device was insulated from the grounded sample holder with an insulating scotch tape. Once inserted
in the chamber, the electrical switching was performed in ultra-high vacuum (UHV), using an external power

supply, in our case a Keithley 2635B.
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Figure 5.2. (a) Schematic of the setup for in-situ electrical switching and characterization (b) Assembly on the
XPS sample holder.

5.1.3. Electrical characterization: Ex-situ and In-situ

The |-V curves measured under ambient atmosphere and under ultra-high vacuum are shown in
Figure 5.3 for the forming process. For the in-situ forming (red line), a linear voltage sweep was applied via
the Cu tip on the TiN (see Figure 5.2) at 0.1 V/s, between 0 and 3 V inside the XPS chamber, i. e. under ultra-
high vacuum. As for the positive forming performed on a similar sample in section 3.1.2, a compliance current
of 50 mA (12 mA.mm2) was chosen in order to avoid permanent breakdown of the oxide. The ex-situ forming
(blue line) was performed using the same parameters and assembly but with a voltage application in ambient
atmosphere.

The device resistance measured before and after forming under air are equal to Ras-grown = 5.0x10% Q
and Rrormed = 8.7x10! Q, yielding to a resistance ratio of Rasgrown/Rrormed = 5.7x102. This ratio confirms a
significant change of the devices resistivity by the formation of conductive paths in the electrolyte. Regarding
the forming performed in-situ, the resistances measured before and after forming are equal to Ras-grown =
3.3x10° Q and Rrormed = 6.8x10' Q. The ratio Rasgrown/Rrormed is €qual to 4.8x10°. Note that the resistance
window is higher by one order of magnitude in this latter case. This shows, together with the lower Vg, that
ultra-high vacuum seems to favor the forming. Table 5.1 summarizes the electrical characteristics of the ex-

situ and in-situ formed samples.
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Figure 5.3. Current - voltage (I-V) curves for the forming of the TiN/ZrTe/ Al,O3/Ta stack under ambient air
(blue) and under ultra-high vacuum (red).

Table 5.1. Electrical characteristics of the formed Ex-situ and In-situ samples.

RAs—grown RFormed RAs—grown / RFormed Icc VF

Sample
P (10°Q) (10 Q) (10%) (mA) (V)
Ex-situ 5.0 8.7 5.7 10 2.5
In-situ 33 6.8 48 10 3.5

Taking into account three tests, we can obtain an average in-situ forming voltage of 2.5 V and an
average ex-situ forming voltage of 3.5 V. This average considers only the electrical characterizations done
using this assembly. Note that the electrical contacts for the ex-situ forming used in this study were different
from those used in the measurements shown in chapter 3 and 4. Regarding the resistances, we have an
average of as-grown and formed resistances of 2.5x10°Q and 1.4x10%Q respectively. The resistance ratio Ras.

grown / Rrormed Was around 10%-10%and the Ras-grown / Rreset Was around 10* -102.
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5.1.4. X-ray photoelectron spectroscopy analysis

5.1.4.1.  Surface analysis

Laboratory XPS was performed using a PHI 5000 VersaProbe Il (ULVAC-PHI) equipped with a
monochromatic Al Ko source (hv = 1486.7 eV). The pass energy was set to 23.5 eV, giving an overall energy
resolution of 0.5 eV, with an emission angle of 45°. Subtracted backgrounds for XPS spectra were of Shirley
type, and the peaks were modeled using a Doniach-Sunjic function [127] and a combination of Lorentzian
(30%) and Gaussian (70%) functions using Casa XPS v2.3 software. The sampling depths (3Asin@) are
estimated to be 4.2 nm and 3.8 nm respectively for Ti 2p and O 1s photoelectrons in TiN, using inelastic mean
free paths of 2.0 nm and 1.8 nm estimated from the TTP-2M formula [94].

XPS measurements were performed on as-grown, ex-situ and in-situ formed states of the
TiN/ZrTe/Al,05/Ta stack. The Ti 2p core level spectra measured in each case are presented in Figure 5.4. The
decomposition of these Ti 2p spectra takes into account three contributions in agreement to[142]: 1) Ti oxide
(TiO,) at binding energy (BE) of 458.610.2 eV, 2) Ti oxinitride (TiOxN,) and/or TiOx at 457.220.2 eV, 3) Ti nitride
(TiN) at 455.740.2 eV. Both TiO, and TiO,/TiOxN, peaks are related to surface and subsurface oxidation of TiN
under air exposure. Note that shake-up features may also contribute to the intensity of these two peaks. The

relative areas of these components are given in Table 5.2.

Table 5.2. Relative areas (%) of the Ti 2p components for the as-grown, ex-situ and in-situ formed samples.

TiN (%) TiO«/TiOxNy (%) TiO2 (%)
As-grown 32.4 26.6 41.0
Ex-situ 343 21.6 441
In-situ 28.8 36.5 34.7
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Figure 5.4. Ti 2p core level peaks obtained by XPS on the: a) as-grown, b) ex-situ and c) in-situ formed states
of the TiN/ZrTe/ Al,O3/Ta stack.

These results show some changes between the as-grown state and both formed states. During ex-
situ forming, an increase of both TiO; (+ 3.1 %) and TiN (+1.9) is observed at the expense of TiOxNy (-5 %).
During in-situ forming, TiOxN, increases (+9.9 %) at the expense of both TiN (-3.6 %) and TiO, (- 6.3 %)
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contributions.

The O 1s core level spectra measured in each case are presented in Figure 5.5. The decomposition of
these O 1s spectra takes into account three contributions. The contribution at 532.6 0.2 eV is attributed to
the surface hydroxyl groups, hydrocarbon contamination and/or chemisorbed water molecules on the
surface of the top electrode. The contribution at 530.1 £0.2 eV is related to TiO, in agreement with [143,144].
The component at 531.4 0.2 eV can be assighed to oxygen bonded to Ti** and Ti*3 (i.e. titanium suboxide)
based on the work of Carley et al. [143]. Note that this component at 531.4 eV could be also related to a Ti
oxynitride (TiOxNy). The relative areas of these components are given in Table 5.3.

After the ex-situ forming, we can see an increase of the TiO; (+ 6.5 %) and TiOx/TiOxNy (+ 6.0 %)
contributions. In turn after in-situ forming, the results show a decrease of the TiO; contribution (-7.4 %) and
an increase of the TiOx/TiOxN, contribution (+17.7 %). These results are correlated with those obtained with
the Ti 2p spectra. The forming performed under air caused an increase of the TiO,component for both Ti 2p
and O 1s. For the forming performed under vacuum, the increase of TiO,/TiOxN, is also observed in both

spectra.

Table 5.3. Relative areas (%) of the O 1s components for the as-grown, ex-situ and in-situ formed samples.

C-O/H-0 (%) TiO«N,/TiOx (%) TiO; (%)
As-grown 37.5 17.5 45.0
Ex-situ 25.0 235 51.5
In-situ 27.2 35.2 37.6
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Figure 5.5. O 1s core level peaks obtai
of the TiN/ZrTe/ Al,03/Ta stack.

5.1.4.2.

XPS depth profiling was carried out on the as-grown and formed samples to provide information

about elements migration along the stack. Measurements were carried out using an argon gas cluster ion

beam (GCIB) with 2500 Ar atoms per cl

with 20 % of uncertainty.
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Figure 5.6 shows the in-depth concentration profiles obtained from the O 1s, Ta 4f, Te3ds/,, Ti 2p and
Zr 3d core levels intensity, for the ex-situ and in-situ forming. The Al signal was not measured due to the low
sensitivity of the Al 2p core level, yielding to a poor signal to noise ratio when performing short acquisitions,

as necessary for depth profiling.

7x10'

TiN/ZtTe/ALO,/Ta

6x10" f+

5x10"

4x10'

3x10'

2x10'

1x10’

Atomic concentration (%)

g T * T T T
0 2000 4000 6000

Sputtering time (s)

Figure 5.6. XPS depth profiles measured on the ex-situ (thick line) and in-situ (thin line) formed samples of
the TiN/ZrTe/Al,Os/Ta stack.

For both ex-situ and in-situ forming, a high oxygen signal is detected at the surface showing TiN
oxidation and confirming the previous XPS analysis. The oxygen intensity increases again when reaching the
alumina. The rising edge of this oxygen profile is shifted towards the surface for the in-situ forming compared
to ex-situ forming. Similar but smaller change are also observed for the Te and Ta profiles. On the contrary,

the falling edges of Zr and Ti profiles are shifted towards the bottom Ta electrode.

5.1.5. Summary of the operating environment effect on the resistive switching for
Z2rTe/Al,03 based CBRAMs

The environment seems to play a key role on the forming of the TiN/ZrTe/Al,03/Ta stack. Under
ambient air, the oxidation of the TiN capping layer is enhanced by oxygen insertion, yielding to a regrowth of
the TiO; layer present at the extreme surface under bias application. The increase of the TiO, contribution

after ex-situ forming was observed in both Ti 2p and O 1s spectra. The external oxygen reservoir from ambient
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air causes the surface oxidation, following the reaction:

TiOX/2 + X/4 02 d TiOX. 51

The reversed phenomenon is observed when forming the sample under UHV. The decrease of TiO;
contribution for both Ti 2p and O 1s spectra is probably due to oxygen desorption in the chamber.
Furthermore, the increase of TiOxN, can be explained by the combination of two phenomena: 1) TiO,

Z jons) from the

reduction at the TiN surface caused by the oxygen outgas and 2) oxygen migration (O
underlying ZrTe and Al,O3 layers towards the TiN, under the electric field causing the oxidation of the top
electrode.

In the chapter 3, we have reported oxygen scavenging from Al,O; by the ZrTe active electrode under
the electric field. This phenomenon vyields to Zr oxidation and creation of oxygen vacancies in the oxide
favoring subsequent Te release at the ZrTe/Al,O; interface, with possible diffusion in the alumina. The XPS
oxygen profiles measured here show an enhanced oxygen movement towards the active ZrTe electrode in
the case of in-situ forming. Thus, the oxygen scavenging by the active ZrTe electrode, which is a critical step
to switch the memory to a low resistance state, seems to be favoured under UHYV, i. e. without any external
oxygen reservoir. A possible interpretation of these results is: 1) there is no further oxidation of the TiO; layer

by oxygen insertion from air during forming under UHV, 2) this TiN capping is thus more efficient to prevent

oxidation of the active electrode, which in turns acts as a better oxygen getter to pump oxygen from Al,Os.

This interpretation, based on XPS results, is consistent with the electrical behaviour of the
TiN/ZrTe/Al,05/Ta stack. Under ambient air, the Vi was higher (3.5 V) in comparison to the forming under
ultra-high vacuum (2.7 V). This difference can be related to the oxygen vacancies concentration in the oxide,
as shown in Figure 5.7. Under vacuum, the oxygen outgas to the vacuum ambient increases the oxygen
vacancies in the oxide facilitating the formation of the conductive filaments and consequently decreasing the
Ve. Under ambient air, the insertion of oxygen, showed by the top electrode oxidation, may also oxidize the
active electrode decreasing the oxygen scavenging from Al,03; by ZrTe and thereby retarding the forming
process.

These results show that both the decrease of Vi and the increase of the resistance window are
promoted under UHV. The role of oxygen from air is thus not negligible in the forming of such Te-based

CBRAMs.
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(a) O,-rich atmosphere (b) O,-poor atmosphere

Figure 5.7. XPS depth profiles measured on the ex-situ (thick line) and in-situ (thin line) formed samples of
the TiN/ZrTe/Al,O3/Ta stack.

5.2. Conclusion

A precise control of the resistive switching of Te-based CBRAMs is needed for their integration in
future memory devices. We have shown that the atmosphere plays a key role in the forming of the
TiN/ZrTe/Al,05/Ta structures. Forming the memory stack under ambient air seems to enhance the TiN
oxidation by insertion of oxygen from air. This phenomenon can be reduced by performing forming under
UHV, as shown by in-situ XPS measurements. By decreasing oxygen insertion from air in the capping layer,
the forming mechanism based on oxygen scavenging by ZrTe from Al,Os is favored. This oxygen pumping is
enhanced under UHV as shown by XPS depth profiling. This is consistent with a lower forming voltage and
higher resistance window. Preventing oxidation of TiN is thus crucial to control the resistive switching of

these devices.
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Conclusion and perspectives

Conducting bridge random access memories (CBRAMs) are interesting candidates for the next
generation of non-volatile memories. Data storage principle is based on switching the resistivity between
two high and low resistance states by applying voltage or current pulses. These cells have a simple structure
composed by an active electrode (source of ions), a solid electrolyte (insulator layer) and a bottom electrode.
Under electrical bias, a conductive path is assumed to be created by ions diffusion from the active electrode
into the solid electrolyte ™. This mechanism has to be better understood to improve their performances but
observation of the involved chemical processes is a real challenge. Recently, special attention has been drawn
to devices containing an elemental semiconductor such as tellurium, operating with reduced currents and
less retention failures, and thus favorable for low-power applications. For these Te-based subquantum
CBRAMs, the filament is thought to contain Te, a semiconductor, instead of a metal. This assumption was
based on a detailed analysis of electrical characterisations but no direct proof of the chemistry of the filament
has been reported in the literature. Therefore, studies about the electrochemical mechanisms involved in
the resistive switching are essential for the future development of this type of CBRAM.

The aim of this thesis was the study of subquantum Al,Os-based CBRAMs with two different active
electrodes: TiTe and ZrTe to investigate the electrochemical reactions and ionic transport involved in the
forming process i.e. filament creation. This is a crucial step during which most of the chemical and structural
modifications occur and which defines the final properties of the devices. In addition, to better understand
the cycling of the cell, the switching between the LRS to the HRS, known as the RESET step was also
investigated. The main difficulty of this study is the small amount of net change due to the filament formation.
Moreover, the changes most likely occur in a thin layer buried under a thicker top electrode. This requires
non-destructive characterization methods able to probe through thick capping layers with high sensitivity. In
this work, we use hard X-ray photoelectron spectroscopy to probe the buried interface between the active
electrode (ZrTe or TiTe) and the Al,O3 layer. Using hard X-rays, the electron mean free path is considerably
increased providing sufficient depth sensitivity to reach the buried interface and thus providing information
about the redox processes occurring there. We have also used XPS depth profiling using a gas cluster ion
beam and ToF-SIMS depth profiling to get complementary information about the elements distribution

through the sample.
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In chapter 3, we have investigated the electrochemistry of the resistivity change during the direct
forming of ZrTe/Al,O3 based CBRAMSs. The direct forming occurs when a positive bias is applied on the top
electrode to form the filament. Measurements were performed on as-grown samples and after ex-situ
forming. The results showed the oxidation of Zr together with a correlated alumina reduction during forming.
This redox process was related to oxygen scavenging by the active top electrode. This 0% migration leads to
the creation of positively charged V;° in the alumina, thereby creating favored conductive paths. XPS depth
profiling confirmed the oxygen diffusion from the Al,O3 towards the ZrTe top electrode. A four-layer capacitor
model showed an increase of both the ZrO, and AlOy interfacial layers thicknesses, confirming the redox
process located between the active electrode and the electrolyte. Furthermore the resistance switching
caused also an elemental Te increase at the ZrTe/Al,Os interface. In addition XPS and ToF-SIMS depth profiling
showed evidences of Te migration from the ZrTe layer to alumina layer under positive bias.

Based on these results, a plausible mechanism can be described as: a) first Te accumulates at the
interface and then some migrates b) second, local Te segregation might occur through V;° , acting as easier
diffusion paths towards the bottom electrode. A hybrid mechanism combining V;°* formation by oxygen
transport with Te migration and filament formation, typical of OXRRAMs and CBRAMs respectively, may
occur during positive polarization. However, it is more difficult to conclude on the chemical nature of the
filament. The HAXPES Te 3ds/; spectra showed that the released Te is not ionized. The Te migration through
the alumina is thus not directly driven by the electric field and more difficult to explain. In the last part of
chapter 3, we have investigated the resistance switching of TiTe/Al,O3; based CBRAMs. Results showed that,
under positive polarization, this cell does not present a memory behavior, i.e a reversible switch of the
resistance. However, this memory can be successfully formed under negative polarization with a reset under

positive polarization.

Considering this fact, in chapter 4, we have investigated the negative forming of Te-based CBRAMs,
also called reverse forming, in which a negative voltage is applied to the top electrode together with the first
reset step, i.e. the first transition from LRS to HRS. In summary, it can be concluded for both ZrTe and
TiTe/Al,Os-based cells that in the reverse forming, the Ta bottom electrode acts as an oxygen getter creating
oxygen vacancies accumulating at the Ti(Zr)Te/ Al,Os interface. The oxygen movement in the form of 0% is
driven by the electric field from the upper negatively biased electrode towards the bottom one. Forming also
causes an accumulation of elemental Te near the top interface. Te? might also be pushed inside the alumina
by the electric field. On reset, there is a partial recombination of oxygen ions with V3°* near the Ti(Zr)Te/Al,O;
interface together with a loss of Te. These results strongly suggest that CBRAM (Te transport) and OXRRAM

(Vo* migration) mechanisms coexist in these Te-based memory cells.
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In-addition, our results showed an increase of the |V¢| under negative polarisation (3.7 V) in
comparison to the |V¢| measured under positive polarisation (3.0 V) for ZrTe/Al,Os-based cells. This can be
explained by the fact that the formation of ZrO; induced by the oxygen migration towards the top electrode
under positive polarisation is thermodynamically more favourable in comparison with the reverse forming,
where the oxygen scavenging is related to the less favourable oxidation of Ta bottom electrode. These results
showed that positive forming is more adapted to ZrTe/Al,Oscells, considering the interest of decreasing
power consummation during this step.

The results shown in chapter 3 and 4 provide evidences that the oxygen is also involved in the forming
mechanism of Te-based CBRAMs. Therefore, when performing resistive switching in such devices, we cannot
rule out a possible impact of the ambient air, on the resistive switching mechanism. The chapter 5 is thus
focused on the investigation of the forming process performed in-situ, i. e. under ultra high vacuum, to
highlight the role of the surface and interface oxidation on the resistive switching mechanism for
TiN/ZrTe/Al,05/Ta structures. The study showed that forming under ambient air seems to enhance the TiN
oxidation by insertion of oxygen from air. This phenomenon can be reduced by forming the structure under
UHV, as shown by in-situ XPS measurements. By decreasing oxygen insertion from air in the capping layer,
the forming mechanism based on oxygen scavenging by ZrTe from Al,Os is favored. This oxygen pumping is
enhanced under UHV as shown by XPS depth profiling. This is consistent with the lower forming voltage and
higher resistance window measured for in-situ forming.

This thesis showed the interest of combining X-ray photoelectron spectroscopy-based techniques
and ToF-SIMS for the investigation of CBRAMs. With these techniques, it was possible to investigate the
diffusion and redox processes occurring during resistive switching, highlighting the role of the oxygen in the
mechanism of Te-based CBRAM cells. We have been able to better understand the electrochemical
processes involved in both forming and reset of these structures, showing the key role of the
electrode/electrolyte interfaces. A major conclusion is the coexistence of both CBRAM (Te transport) and
OxRRAM (V;* migration) mechanisms in resistance switching. The in-situ tests showed that the choice of a
good capping layer is also crucial to control the resistive switching of these devices for their integration in

future memory devices.
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o Perspectives

Analysis:

e Operando HAXPES with in-situ electrical biasing: resistive switching by in-situ electrical polarization
was also tested in the analysis chamber of the GALAXIES beamline at SOLEIL synchrotron. However
the vertical configuration of the sample holder made the electrical contacts with the memory device
ineffective. Therefore it is necessary to develop a measurement protocol specific for vertical
supports. The use of a more depth sensitive technique can bring information about the role of the

ambient air on the resistive switching.

® Endurance failure: further work can be done to analyze the structural changes involved on the
gradual loss of Rurs/Rirs ratio with steady decrease in Rurs. This study could be based on the
comparison between an as-grown sample and a sample after 10" switching cycles using HAXPES and
ToF-SIMS analyses. A study of the physical mechanisms involved in this failure can improve the

endurance characteristics in order to allow CBRAM industrialization.

e TEM/STEM: This thesis brought evidences about the electrochemistry mechanism involved in the
forming process, but a study of the filament nature and morphology is necessary. For that, a high
spatial resolution technique such as transmission electron microscopy (TEM) combined with local
chemical analyses using electron energy-loss spectroscopy (EELS) and/or energy-dispersive X-ray
spectroscopy (EDS), can be interesting to observe the composition of the filament. This work is
developed for OXRRAMs analyses by the LETI microscopy group[146]. It is very promising but the
principal challenge of this technique remains the preparation of a TEM lamella containing the

nanometer-sized filament.

e Jameson et al [8] also suggested HfTe as an interesting alternative for subquantum CBRAMs.

Therefore a study of this alloy as active electrode can be interesting for futures investigations.

e The development of a sample geometry to avoid the oxidation of the stack can be interesting to
increase the stability of the cell allowing the memory cycling and the endurance study discussed

above.
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Annex A

A.1. Overlapping of the HAXPES spectra obtained at 7.9 keV photon energy at Spring-8

e Al1ls

LA 13 —Al,0,/Ta
[ —— As-Grown

Intensity (arb. units)

1565 1564 1563 1562 1561 1560 1559
Binding energy (eV)

Figure A.1. Overlap of Al 1s core level peaks obtained at 7.9 keV photon energy on the bare Al,03/Ta and on
the as-grown sample.

i A| 13 —— As-Grown
: —— Formed
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0.08
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—— Subtraction

Intensity (cps)

Figure A.2. Overlap of Al 1s core level peaks obtained at 7.9 keV photon energy on the as-grown and
formed samples and XPS difference spectra between as-grown and formed spectra.
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o Zr 3ps;
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Figure A.3. Overlap of Zr 3ps/> core level peaks obtained at 7.9 keV photon energy on the as-grown and
formed samples.
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Figure A.4. Overlap of Te 3ds.; core level peaks obtained at 7.9 keV photon energy on the as-grown and
formed samples, and XPS difference spectra between as-grown and formed spectra.
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The peaks fit for each element was made establishing constrains on components positions

and fixing the separation between each chemical state. The parameters used to fit the HAXPES peaks

are present in table Al.

Table A.1. Parameters used to fit the HAXPES peak.

Components FWHM (eV) Line shape

Allls AlOq 1.5 GL(30)
Al,O3 1.6 GL(30)

Ta 1.8 DS(0.02,250)
Ta 3d5/2 TaOx 2.2 GL(30)
Ta,0s 2.7 GL(30)

ZrTe 1.0 DS(0.03,400)

Te 3d3); Te 1.2 DS(0.03,400)
TeOx 1.2 GL(30)

2r 2p3/2 ZrTe 2.5 DS(0.02,400)
ZrO; 2.8 GL(30)

2r 3ps2 ZrTe 2.8 DS(0.02,400)
Zr0O, 3.0 GL(30)

TiTe 1.8 DS(0.01,450)
Tils TiOx 2.5% GL(30)
TiO, 2.3 GL(30)

* 2.6 eV to the formed sample.

Table A.2 Binding energies (eV) of the Ta 3ds;, Ti 1s, Te 3ds/2, Al 1s and Zr 2ps/, components

measured for the as-grown, formed and reset samples obtained at Soleil.

Binding energies (eV)
Components

As-Grown Formed Reset
Ta 1731.5 1731.7 1731.7
Ta 3ds)> TaOx or TaN 1734.1 1734.2 1734.2
Taz0s 1735.8 1736.0 1736.0
TiTe 4965.5 4965.7 4965.7
Tils TiOx 4966.9 4967.1 4967.1
TiO; 4968.7 4968.9 4968.9
TiTe/ZrTe 582.9 583.1 583.1
Te 3d3/2 Te 583.5 583.7 583.7
TeOy 584.8 585.0 585.0
Al 1 AlOq 1562.0 1562.2 1562.2
Al;0s 1562.8 1563.0 1563.0
ZrTe 2222.8 2222.8 2222.8

Zr zpa/z
ZrO; 2224.3 2224.3 2224.3
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Summary in French

Les mémoires résistives a accés aléatoire (RRAMs) sont des candidates intéressantes pour la
prochaine génération de mémoires non-volatiles en raison de leur structure simple, leur forte densité de
stockage potentielle et une faible puissance consommeée [1-3]. Le principe de stockage de données repose
sur la commutation de la résistivité entre des états de résistance élevées (HRS) et faibles (LRS) en appliquant
des impulsions de tension ou de courant. Parmi celles-ci, les mémoires a pont conducteur (CBRAMs) sont
une option prometteuse comme le montrent certains démonstrateurs industriels préliminaires [4-6]. Ces
cellules sont composées d'une électrode active, d'un électrolyte solide (couche isolante) et d'une électrode
inférieure. Leur mécanisme de commutation résistive est basé sur la formation / dissolution électrochimique
de filaments conducteurs dans la couche d'électrolyte solide, formant un pont entre les deux électrodes. La
formation de ces filaments se produit par la dissolution du métal présent dans I'électrode active selon M—>
M® + ze", la migration des cations métalliques a l'intérieur de la couche d'électrolyte et la réduction du M** a
la surface de I'électrode inférieure selon: M** + ze” - M. Ce modéle est adopté pour expliquer la commutation
résistive, cependant, les mécanismes physiques responsables de ces phénomenes n'ont pas été entierement
compris.

Les CBRAMs améliorent I'endurance au cyclage tout en conservant une bonne mise a I'échelle et une
vitesse de fonctionnement élevée. Cependant, cette technologie présente encore plusieurs problemes,
notamment une tension de commutation élevée, la chimie complexe du processus de « forming » et une
consommation d'énergie élevée. Par conséquent, une meilleure connaissance du mécanisme de
commutation résistive ainsi que I'exploration de nouveaux matériaux est essentielle pour le développement
futur du dispositif.

Récemment, une attention particuliére a été portée sur l'utilisation de dispositifs contenant un semi-
conducteur élémentaire tel que le tellure, fonctionnant avec des courants plus faibles tout en conservant de
bonnes propriétés de rétention. Dans ces « subquantum CBRAMs », on pense que le filament contient du
tellure. Le courant requis pour programmer une cellule CBRAM standard est directement lié a la conductance
d'un filament a 1 atome (Giatom). Pour les métaux, Giatom €5t comparable au Go=2e2/h [7], alors que pour un
semi-conducteur tel que le tellure, c'est un sous-quantum (0,03 Go) qui permet un fonctionnement a faibles
courants. Les « subquantum CBRAMs » basées sur un électrolyte en Al,Os et une électrode supérieure active
composée d'un alliage binaire tel que ZrTe, TiTe et HfTe, sont les systémes les plus prometteurs rapportés
dans la littérature, avec un courant de fonctionnement et une puissance aussi bas que 10 pA et 0,01 mW [8].

Le but de cette thése est I'étude de I'électrochimie des processus de « forming » et de « reset » des
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CBRAMSs a base de ZrTe (TiTe) / Al,0s. La création de filaments, appelée « forming », est un processus
irréversible nécessaire pour activer les cycles d'écriture / effacement (SET / RESET) de la cellule mémoire.
C'est une étape clé a maitriser pour I'optimisation des cellules CBRAMs [4,6]. Obtenir plus d'informations sur
la formation de filaments faciliterait le controle et la fabrication de ces cellules mémoire. Il est également
nécessaire de mieux comprendre le cyclage de la cellule. Ainsi, non seulement I'étape de « forming » doit
étre étudiée, mais aussi la commutation entre I'état de résistance faible et I’état de résistance élevée, connue
sous le nom d'étape de « reset ».

Pour étudier la chimie du changement de résistivité dans de telles CBRAMs a base de Te, nous avons
utilisé la spectroscopie de photoélectrons par rayons X de haute énergie (HAXPES) qui permet une analyse
non destructive des interfaces enterrées entre des électrodes métalliques et une couche isolante, grace a la
profondeur sondée. La sensibilité élevée de cette technique est également cruciale en raison des petits
changements attendus dans le signal lors de la commutation résistive par rapport a ceux de la matrice
environnante. L'XPS en mode profilage en profondeur utilisant des faisceaux d'ions a agrégats gazeux (GCIB)
en tant que technique de pulvérisation, a également été utilisé pour étudier la répartition en profondeur des
éléments. En outre, le profilage en profondeur en spectrométrie de masse par ions secondaires a temps de
vol (ToF-SIMS) a été utilisé comme technique complémentaire pour fournir des profils avec une résolution
en profondeur élevée (<1nm) et une meilleure sensibilité (<10 ppm) [11]. Pour étudier l'impact possible de
I'environnement sur la commutation résistive de ces cellules, la spectroscopie de photoélectrons par rayons
X avec polarisation électrique in situ (sous ultravide) a été utilisée pour mettre en évidence le rdle de
I'oxydation de surface et d'interface dans le processus de « forming ». Pour cela, un montage a été développé
en utilisant un porte-échantillon spécifique permettant I'application de la polarisation directement dans la

chambre d'analyse de I’XPS.

Le travail de thése a été réalisé dans le cadre d'une collaboration entre la Plateforme de
NanoCaractérisation (PFNC) du CEA Grenoble et I'Institut Rayonnement-Matiere du CEA Saclay (IRAMIS).
Tous les échantillons ont été fabriqués et optimisés par le Département des Dépots (SDEP). Les analyses par
spectroscopie de photoélectrons par rayons X de haute énergie (HAXPES) ont été effectuées sur la ligne de
lumiere GALAXIES du synchrotron SOLEIL et sur la ligne BL15XU de I'Institut japonais de recherche sur le

rayonnement synchrotron (SPring-8).

e |e chapitre 1 présente les concepts clés liés aux mémoires résistives a acces aléatoire (RRAMs): les
avantages et les caractéristiques, les processus physiques impliqués dans la commutation résistive, la
théorie filamentaire et l'influence des parametres d'entrée sur la caractérisation des performances. Une

description des mécanismes et caractéristiques des CBRAMs et OXRRAMs est présentée. La derniére
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partie montre une description des cellules « subquantum CBRAMSs » basées sur Te qui sont |'objet de ce

manuscrit ainsi que la problématique de cette these.

Le chapitre 2 fournit une description des techniques de caractérisation, des méthodes expérimentales
ainsi que de la préparation des échantillons: méthodes de croissance et fabrication des échantillons pour
les études ex-situ et in-situ des cellules mémoire. Les principes de la spectroscopie de photoémission
sont présentés avec les spécificités de la spectroscopie de photoémission par rayons X durs. En outre,

ce chapitre décrit les principes du ToF-SIMS.

Les résultats expérimentaux sont présentés et discutés dans les trois chapitres suivants.

Dans le chapitre 3, nous avons étudié |'électrochimie du changement de résistivité lors du « forming »
direct d’une CBRAM a base de ZrTe /Al,O0s. Ce « forming » direct se produit lorsqu'une polarisation
positive est appliquée sur I'électrode supérieure pour créer le filament. Les mesures ont été effectuées
sur des échantillons vierge et aprés le processus de « forming » ex-situ. Dans la deuxiéme partie de ce
chapitre, nous avons étudié la commutation résistive pour les dispositifs a base de TiTe / Al,Os. Pour les
dispositifs basés sur ZrTe / Al,Os, les résultats ont montré I'oxydation du Zr avec une réduction de
I'alumine pendant le processus de « forming ». Ce processus redox était lié au pompage de I'oxygene
par I'électrode supérieure active. Cette migration d'O%* conduit a la création de lacunes d'oxygéne
chargées positivement dans I'alumine, créant ainsi des chemins conducteurs. La profilométrie XPS a
confirmé la diffusion de l'oxygéne de I'Al;0s; vers I'électrode supérieure ZrTe. Un modele de
condensateur a quatre couches a montré une augmentation des épaisseurs des couches interfaciales
ZrO; et AlOy, confirmant le processus redox situé entre I'électrode active et I'électrolyte. De plus, le
changement de résistance a également provoqué une augmentation de Te élémentaire a l'interface ZrTe
/ Al,0s. De plus, les profils XPS et ToF-SIMS ont montré des preuves de migration de Te depuis la couche
de ZrTe vers la couche d'alumine sous I'effet d’'une polarisation positive.

Sur la base de ces résultats, un mécanisme plausible peut étre décrit comme suit: a) le Te s'accumule a
I'interface et ensuite migre b) la ségrégation locale de Te peut se produire au niveau des lacunes
d’oxygene, facilitant la diffusion vers I'électrode inferieure. Un mécanisme hybride combinant la
formation de lacunes d’oxygene par la migration d'oxygéne avec la migration de Te, typique des
OXRRAMs et des CBRAMs, peut se produire pendant la polarisation positive. Cependant, il est plus
difficile de conclure sur la nature chimique du filament. Les spectres HAXPES de la raie Te 3ds;; ont
montré que le Te libéré n'est pas ionisé. La migration de Te a travers l'alumine n'est donc pas
directement entrainée par le champ électrique et plus difficile a expliquer. Les résultats pour TiTe/Al,O3

ont montré qu'en polarisation positive, cette cellule ne présente pas de comportement mémoire, c'est-
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a-dire un changement réversible de la résistance. Ce résultat a motivé I'analyse de cette mémoire en
utilisant d'autres conditions électriques. Les tests électriques effectués sur cette cellule ont montré que

cette mémoire peut étre formée en polarisation négative avec un « reset » en polarisation positive.

e Considérant ce fait, dans le chapitre 4, nous avons étudié le « forming » sous polarisation négative des
CBRAMs a base de Te, également appelé « forming » inverse, pour lequel une tension négative est
appliquée a I'électrode supérieure ainsi que la premiére étape de « reset », c'est-a-dire la premiere
transition entre I'état de résistance faible (LRS) et I’état de résistance élevée (HRS). En résumé, on peut
conclure a la fois pour les cellules a base de ZrTe / Al,O; et a base de TiTe / Al,Os que dans le « forming »
inverse, I'électrode inférieure de Ta agit comme un getter d'oxygéne créant des lacunes d'oxygene a
I'interface Ti (Zr) Te / Al,Os. Le mouvement de I'oxygéne sous la forme de O% est provoqué par le champ
électrique vers I'électrode inferieure. Le processus de « forming » induit également une accumulation
de Te élémentaire prés de l'interface supérieure. Des ions Te? pourraient également étre poussés a
I'intérieur de I'alumine par le champ électrique. Lors du processus de « reset », il y a une recombinaison
partielle des ions oxygeéne avec les lacunes d’oxygéne preés de l'interface Ti (Zr) Te / Al,O3 avec une perte
de Te. Ces résultats suggerent fortement que les mécanismes de migration typiques des CBRAMs
(transport de Te) et des OXxRRAM s (lacunes d’oxygene) coexistent dans ces cellules mémoire.

En outre, nos résultats ont montré une augmentation de la tension de « forming » sous polarisation
négative (-3.7 V) en comparaison avec la tension de « forming » mesurée en polarisation positive (3.0 V)
pour les cellules a base de ZrTe / Al,Os. Ceci peut s'expliquer par le fait que la formation de ZrO, induite
par la migration de [l'oxygene vers |'électrode supérieure en polarisation positive est
thermodynamiquement plus favorable par rapport a la formation d’Al,0s. D'autre part, pendant le
« forming » inverse la réduction de I’Al,O3 est lié a I'oxydation moins favorable de I'électrode inférieure
en Ta et donc plus difficile a induire. Ces résultats ont montré qu'un « forming » positif est plus adapté
aux cellules ZrTe / Al,O; compte tenu de la tendance actuelle a diminuer la consommation d'énergie au
cours de cette étape.

Les résultats présentés dans les chapitres 3 et 4 ont fourni des preuves que I'oxygéne est fortement
impliqué dans le mécanisme de formation des CBRAMs a base de Te. Par conséquent, lors d'une
commutation résistive dans de tels dispositifs, nous ne pouvons pas exclure un éventuel impact de I'air

ambiant sur le mécanisme de changement de résistivité.
e (’est pourquoi, dans le chapitre 5, I'étude du processus de « forming » a été effectuée in situ, i. e. sous
ultra vide, pour mettre en évidence le réle de I'oxydation de la surface et des interfaces sur le mécanisme

de commutation résistive des structures TiN/ZrTe/ Al,0s/Ta. L'étude a montré qu'un processus de
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« forming » sous air ambiant semble augmenter I'oxydation du TiN par insertion d'oxygene de l'air. Ce
phénoméne peut étre réduit en effectuant un « forming » sous ultra vide, comme le montrent les
mesures XPS in situ. En diminuant l'insertion d'oxygéne de l'air dans la couche de protection, le
mécanisme de « forming » basé sur le piégeage de I'oxygene de I’Al,Os par I'électrode ZrTe est favorisé.
Ce pompage d'oxygene est amélioré sous ultra vide comme le montre la profilométrie XPS. Ceci est
cohérent avec une tension de « forming » inférieure et une fenétre de résistance plus élevée sous ultra

vide.

Cette thése a montré le potentiel de la combinaison de la spectroscopie de photoélectrons par rayons X
et du ToF-SIMS pour I'étude des CBRAMs. Avec ces techniques, il a été possible d'étudier les phénomeénes de
diffusion et les processus d'oxydoréduction qui se sont produits pendant la commutation résistive et de
mettre en évidence le réle de I'oxygéne dans le mécanisme d'une cellule CBRAM. Les tests in situ ont montré
gue le choix d'une bonne couche de protection est crucial pour contréler la commutation résistive de ces
dispositifs. Un contrdle précis de la commutation résistive des CBRAMs a base de Te est nécessaire pour leur

intégration dans les futurs dispositifs mémoire.
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Résumé : Les mémoires a pont conducteur
(CBRAM) sont une option actuellement étudiée
pour la prochaine génération de mémoires non
volatiles. Le stockage des données est basé sur la
commutation de la résistivité entre les états de
résistance élevée (HRS) et faible (LRS). Sous
polarisation électrique, on suppose qu'un trajet
conducteur est créé par la diffusion des ions de
I'électrode active dans |'électrolyte solide.
Récemment, une attention particuliere a été
portée sur les dispositifs contenant un élément
semi-conducteur tel que le tellure, fonctionnant
avec des courants réduits et présentant moins de
défaillances de rétention. Dans ces « subquantum
CBRAMs », le filament est censé contenir du
tellure, ce qui donne une conductance de 1 atome
(G1atom) significativement réduite par rapport aux
CBRAMs standard et permettant ainsi un
fonctionnement a faible puissance. Dans cette
these, nous utilisons la spectroscopie de
photoélectrons par rayons X (XPS) pour étudier les
réactions électrochimiques impliquées dans le
mécanisme de commutation des CBRAMs a base
de AI203 avec des alliages ZrTe et TiTe comme
électrode active. Deux méthodes sont utilisées: i)
spectroscopie de photoélectrons par rayons X de
haute énergie non destructive (HAXPES) pour
étudier les interfaces critiques entre I'électrolyte
(Al203) et les électrodes supérieure et inférieure et
ii) les faisceaux d'ions a agrégats gazeux (GCIB), une
technique de pulvérisation qui conduit a une
dégradation plus faible de la structure, avec un
profilage en profondeur XPS pour évaluer les
distributions des éléments en profondeur. Des
mesures ToF-SIMS sont également effectuées pour
obtenir des informations complémentaires sur la
répartition en profondeur des éléments. Le but de
cette thése est de clarifier le mécanisme de
changement de résistance et de comprendre les
changements chimiques aux deux interfaces
impliquées dans le processus de « forming »

sous polarisation positive et négative ainsi que le
mécanisme de « reset ». Pour cela, nous avons
effectué une comparaison entre le dispositif
vierge avec un état formé, i.e. I'échantillon apreés
la premiere transition entre HRS et LRS et un état
reset, i.e. I'échantillon aprés la premiere
transition entre LRS et HRS.
L'analyse du « forming » positif pour les
dispositifs ZrTe / Al,03 a montré une libération
de Te liée a I'oxydation de Zr due au piégeage de
I'oxygene de I'Al,Os; sous l'effet du champ
électrique. D'autre part, pour les dispositifs TiTe
/ AlbOs, la présence d'une couche importante
d'oxyde de titane a l'interface avec I'électrolyte a
provoqué une dégradation permanente de la
cellule en polarisation positive. Pour le « forming
» négatif, nos résultats montrent un mécanisme
hybride, a savoir une combinaison de formation
de lacunes d'oxygéne dans I'oxyde provoquée
par la migration de O% entrainé par le champ
électrique vers I'électrode inférieure et Ia
libération de tellure pour former des filaments
conducteurs. De plus, les résultats obtenus par
profilométrie XPS et ToF-SIMS ont indiqué une
possible diffusion de Te dans la couche d'Al,Os.
Lors du « reset », il y a une recombinaison
partielle des ions oxygéne avec les lacunes
d'oxygéne prés de l'interface TiTe / AlOs avec
une perte de Te. Un mécanisme hybride a
également été observé sur les dispositifs ZrTe /
Al,O3 pendant le « forming » négatif. En tenant
compte du réle important de la migration
d'oxygéne dans la formation / dissolution des
filaments, nous discutons également des
résultats obtenus par XPS avec polarisation
électrique in- situ (sous ultravide) pour mieux
comprendre le réle de I'oxydation de surface et
des interfaces dans la commutation résistive.
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Conducting bridging resistive random access
memories (CBRAMSs) are one option currently
investigated for the next generation of non-
volatile memories. Data storage is based on
switching the resistivity between high (HRS) and
low (LRS) resistance states. Under electrical bias,
a conductive path is assumed to be created by
ions diffusion from the active electrode into the
solid electrolyte. Recently, special attention has
been drawn to devices containing an elemental
semiconductor such as tellurium, operating with
reduced currents and less retention failures. In
these subquantum CBRAM cells, the filament is
thought to contain tellurium , yielding a 1-atom
conductance  (Giatom)  significantly  reduced
compared to standard CBRAMSs and thus allowing
low power operation. In this thesis, we use X-ray
photoelectron spectroscopy (XPS) to learn about
electrochemical reactions involved in the
switching mechanism of Al,O3 based CBRAMs
with ZrTe and TiTe alloys as active electrode. Two
methods are used: i) non-destructive Hard X-ray
photoelectron  spectroscopy  (HAXPES) to
investigate the critical interfaces between the
electrolyte (Al,03) and the top and bottom
electrodes and ii) Gas Cluster lon Beams (GCIB), a
sputtering technique that leads to lower structure
degradation, combined with XPS depth profiling
to evaluate chemical depth distributions. ToF-
SIMS measurements are also performed to get
complementary in-depth chemical information.
The aim of this thesis is to clarify the driving
mechanism and understand the chemical changes
at both interfaces involved in the forming process
under positive and negative polarization as well as
the mechanism of the reset operation. For that,
we performed a comparison between as-grown
state, i.e. the pristine device with a formed state,
i.e. the sample after the first transition between
HRS and LRS, and reset state, i.e. the sample after
the first transition between LRS and HRS.

Conducting bridging resistive random access
memories (CBRAMSs) are one option currently
investigated for the next generation of non-
volatile memories. Data storage is based on
switching the resistivity between high (HRS) and
low (LRS) resistance states. Under electrical bias,
a conductive path is assumed to be created by
ions diffusion from the active electrode into the
solid electrolyte. Recently, special attention has
been drawn to devices containing an elemental
semiconductor such as tellurium, operating with
reduced currents and less retention failures. In
these subquantum CBRAM cells, the filament is
thought to contain tellurium , yielding a 1-atom
conductance (Glatom) significantly reduced
compared to standard CBRAMs and thus allowing
low power operation. In this thesis, we use X-ray
photoelectron spectroscopy (XPS) to learn about
electrochemical reactions involved in the
switching mechanism of Al,03 based CBRAMs
with ZrTe and TiTe alloys as active electrode. Two
methods are used: i) non-destructive Hard X-ray
photoelectron  spectroscopy  (HAXPES) to
investigate the critical interfaces between the
electrolyte (Al,03) and the top and bottom
electrodes and ii) Gas Cluster lon Beams (GCIB), a
sputtering technique that leads to lower structure
degradation, combined with XPS depth profiling
to evaluate chemical depth distributions. ToF-
SIMS measurements are also performed to get
complementary in-depth chemical information.
The aim of this thesis is to clarify the driving
mechanism and understand the chemical changes
at both interfaces involved in the forming process
under positive and negative polarization as well as
the mechanism of the reset operation. For that,
we performed a comparison between as-grown
state, i.e. the pristine device with a formed state,
i.e. the sample after the first transition between
HRS and LRS, and reset state, i.e. the sample after
the first transition between LRS and HRS.
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