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ABSTRACT

Metal-insulator-metal (MIM-like) resistive switching (RS) devices have been increa-
singly studied for several modern and traditional applications, such as information sto-
rage, stochastic computing, and bio-inspired computing. The Random Telegraph Noise
(RTN) phenomenon is an important metric regarding the robustness of MIM-like RS de-
vices, and it is intrinsic to any dielectric with defects (traps). In this work, a novel model
for anomalous RTN (aRTN) is presented, accounting for the existence of coupling effect
between multiple traps regarding current amplitude deviation. It was determined that the
contribution of one defect to the current deviation leading to RTN is dependent on the state
(i.e., occupied or vacant) of other defects, indicating the presence of coupling effects. A
model is proposed to the describe the behavior at low reading voltages (~ 0.1 V) for both
low-resistance state (LRS) and high-resistance state (HRS). The model can be applied
to help understanding the dynamics of filament distribution and trapping/de-trapping ac-
tivity. Additionally, a novel observation of trap acitivity is presented, which results in
giant random conductance fluctuations, up to 3 orders of mangnitude, resembling RTN
in RS devices based on TiO,, HfO, and hexagonal boron nitride (h-BN) under reading
voltages. Considering this behavior, presented for three different switching materials, we
show that this is a quite general phenomenon and that this significant on/off ratio, in read-
ing conditions, is reproducible and beneficial to ensure recognition of device’s two-state
in applications such as stochastic computing integrated circuits (ICs). These events were
reproducible for all the aforementioned RS device types in sequential measurements and

under different bias conditions.

Keywords: Resistive Switching, Reliability, Random Telegraph Noise, Trap Cou-
pling Model, Giant RTN.



RESUMO

Dispositivos de comutagdo resistiva (RS) estruturados em uma célula do tipo MIM
(Metal Isolante Metal) sdo cada vez mais estudados para diversas aplica¢cdes como, por
exemplo, no armazenamento de informacdes, na computagdo estocdstica € na compu-
tacdo inspirada na atividade cerebral. Isso se deve a capacidade desses dispositivos de
superar em performance e eficiéncia os dispositivos atuais, apesar dos desafios relaciona-
dos a confiabilidade. O Random Telegraph Noise é um parametro relevante para avaliar
a robustez de dispositivos memresistivos, relativos a atividade de defeitos (armadilhas).
Neste trabalho, um novo modelo para RTN andmalo (aRTN) é apresentado, indicando
o acoplamento na amplitude da flutuacdo de corrente produzida por diferentes armadi-
lhas no mesmo dispositivo. Determina-se que a contribui¢do de um defeito para o desvio
de corrente que leva ao RTN depende do estado (ocupado ou vago) de outra armadilha,
caracterizando, dessa forma, o efeito de acoplamento. Propde-se um modelo elétrico ca-
paz de descrever esse fendmeno para operacdo de leitura do dispositivo (~ 0,1 V). Esse
modelo pode ser aplicado para melhor compreensao da dindmica da distribuicdo dos fi-
lamentos na célula e da atividade e interacao das armadilhas presentes. Além disso, uma
nova observagdo da atividade de defeitos € apresentada: verificou-se, experimentalmente
e em condic¢do de leitura do estado, flutuagdes significativas na condutancia desses dispo-
sitivos, que alcangam até 3 ordens de magnitude, semelhantes ao RTNs. Os experimentos
foram feitos em dispositivos RS baseados em dielétricos compostos por TiO,, HfO5 e ni-
treto de boro hexagonal (h-BN). Considerando este comportamento, apresentado para trés
diferentes materiais de comutacao resistiva, verifica-se que este ¢ um fenomeno bastante
recorrente € que a significativa relacdo entre os estados (LRS/HRS), durante a opera-
cdo de leitura, é reproduzivel e benéfica para assegurar o reconhecimento de estados em
aplicacdes como circuitos integrados de computacao estocdstica (ICs). Esses eventos se
mostram reproduziveis para todos os tipos de dispositivos RS acima mencionados, em

medi¢des sequenciais e sob diferentes condi¢cdes de polarizacio de leitura.

Palavras-chave: Resistive Switching, Reliability, Random Telegraph Noise, Trap
Coupling Model, Giant RTN.
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1 INTRODUCTION

Modern, fast and energy-efficient integrated circuits have been primarily achieved by
device dimensional scaling. It has been driving information processing technology into a
broadening spectrum of new applications through increased performance and complexity.
However, as we approache fundamental physical limits, new technologies and, essen-
tially, new computing principles are explored to support the increasing necessity of data
storage and processing. Therefore, through new concepts, researchers and industry plan
to extend the scaling trend of integrated circuit technology (ZIDAN; STRACHAN; LU,
2018; ASWATHY; SIVAMANGALI 2021).

In this context, resistive switching (RS) systems have received much attention in re-
cent years due to their simple structure, high integration density, and outstanding perfor-
mance. According to INTERNATIONAL ROADMAP FOR DEVICES AND SYSTEMS:
BEYOND CMOS (2020), the best parameters designed and demonstrated for this tech-
nology are: Feature size: sub-5 nm (demonstrated in LI et al. (2014); Retention time: >
10 years (demonstrated in JAMESON et al. (2013) by monitoring the cell state for 10000
hours at 200 Celsius); Write cycles: 102 (demonstrated in LEE et al. (2011)); Read cur-
rent: ~100 pA (demonstrated in ZHOU et al. (2016)). For instance, metal-insulator-metal
(MIM)-like RS devices as Resistive Random Access Memory (RRAM) are faster when
compared to hard disk drives and flash memory, while enabling higher density, nonvolatil-
ity, and lower cost than static random access memory (SRAM) and dynamic random ac-
cess memory (DRAM), (ZIDAN; STRACHAN; LU, 2018). Hence, MIM-like RS devices
are being studied exhaustively for multiple applications such as information storage and
bio-inspired computing, (ZIDAN; STRACHAN; LU, 2018; SHI et al., 2018). Also, they
can be employed for the fabrication of stochastic computing integrated circuits (ICs). As
an example, random telegraph noise (RTN) signals produced by MIM-like devices un-
der DC bias conditions have been employed in true random generators and physically
unclonable functions for advanced encryption systems (PUGLISI e? al., 2018).

The most promising RS systems are made of dense crossbar arrays of (MIM) cells, and

their conductance can be set at different stable levels by generating defects in the structure
of the insulator via electrical stimuli (LANZA et al., 2019). The principle of MIM-like RS
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devices is discussed in chapter 2, where the resistive switching phenomenon is detailed,
1.e., the property shown by some materials of cyclically changing their electrical resistiv-
ity between different stable levels when exposed to specific electrical stresses. Hence, in
the fundamental MIM cell there are two well-defined states that may store the informa-
tion: a Low Resistance State (LRS), and a High Resistance State (HRS). These different,
stable, conduction states are achived through specific electrical stress due to the resistance
switching phenomenon, discussed in chapter 2. Moreover, a discussion is presented on
the physical mechanisms responsible for driving the switching phenomenon in different

materials (namely RS medium, which is typically an insulator) showing the RS capability.

A key concern for MIM-like RS devices is the read noise due to the structural, chem-
ical, and electrical modifications at the conductive filaments (CF) formed in the insulator
(AMBROGIO et al., 2014). Trapping/emission of electrical charges into/from local de-
fects can produce uncontrollable (i.e., unwanted) current fluctuations in such devices,
which are often referred to as random telegraph noise (RTN), i.e., an RTN-like read cur-
rent instability. Therefore, understanding the effect of RTN on the electrical characteris-
tics of MIM-like RS devices is relevant for the development of this technology (AMBRO-
GIO et al., 2014; GUAN; LI, 2016). Also, even though noise has a considerable impact
on the reliability of circuits, it can also be used as a tool to assess the presence of defects
and their impact on materials and device’s performance (VANDAMME, 2003). In chap-
ter 3, the fundamentals and the different measured RTN patterns shown in the literature
are presented. The discussion is focused on MIM-like RS devices to elucidate how this

reading instability is modeled for both operation states: HRS and LRS.

The capture and emission of charge carriers by traps, or commonly called defects, is
described as the origin of the RTN mechanism, (KIRTON; UREN, 1989). RTN signals are
manifested by the random variation of a detectable electrical quantity (most commonly by
electrical current) between two well-defined discrete levels (states). A multilevel RTN, 2V
levels, where N is the number of active traps, is defined as the superposition of multiple
independent two-level RTN signals, and each of them is related to a specific trap (GONG
et al., 2018; PUGLISI; PAVAN, 2013).

Additionally, experimental RTN signals measured in MIM-like RS devices have shown
anomalous RTN (aRTN) behavior, i. e., RTN that cannot be modeled as the simple sum of
independent two-level RTN signals, which also includes a temporary conductance fluc-
tuation (tRTN) (WANG et al., 2018). Sometimes, aRTN signals produced by different
defects may present certain degree of correlation, but this behavior is still far from be-
ing completely understood (PUGLISI et al., 2016). The observation of aRTN is widely
discussed in the literature and has already been addressed in the context of traditional
MOSFETs (GRASSER, 2012), whose study describes the case where the same defect has
different charge states, which means that its statistical parameters can vary temporarily

and randomly. This characteritic is named as metastable state of a trap. Also, experimen-
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tal observations show a coupling effect between traps, resulting in aRTN in MOSFETs
and FINFETs devices (WANG et al., 2018; ZHANG et al., 2018). As defect coupling
has been widely observed and reported in the literature, the purpose of this work is to
provide a model to account for aRTN and the effects of defect coupling. Also, a review
of substiantial conductance variations at reading voltages is presented. In some cases,
conductance variations of up to 50 % were recorded (SONI et al., 2010). These atypical
RTN patterns are presented in Chapter 4.

The primary methodologies for MIM-like RS device characterization are described
in chapter 5, as well as the proper methods to display the obtained data. It is important
to note that operating conditions, particularly the reading voltage and the temperature,
modify the properties of RTNs. Since RTN parameters are unkown prior to measurement,
the sampling window and measurement resolution are defined throughout the characteri-
zation, and cannot be predetermined (LANZA et al., 2019). The traditional analysis of a
typical multilevel RTN is made by a Factorial Hidden Markov Model (FHMM) algorithm
(PUGLISI; PAVAN, 2013), which will be presented.

In this work, the experimental results exhibited evident defect coupling effects. The
measurements presented in this study are not explained by the traditional, 2-level RTN
theories, or by the multi-level RTN superposition technique. The goal is then to present
the simplest possible model that captures the essence of defect coupling in a percolation
path. It is particularly useful and instructional that the minimalist model correctly repro-
duces the observations and many common data in the literature. We have determined that
the current deviation of one component of the RTN signal is also dependent on the state
in which other components are found, indicating the presence of coupling effects. To
account for this behavior, a simple, yet effective, model is proposed. This trap coupling
model is presented in chapter 6 and compared to experimental current vs time (I-t) plots
collected in N1/TiOy/Au, Ni/HfO5/Au and Ni/h-BN/Au cross-point devices. We also in-
vestigate aRTN with coupled amplitude, i.e., when the amplitude of one trap is affected
by the state of another. If the trap amplitude increases, we consider that positive coupling
effect is taking place; if the amplitude decreases, we consider it to be negative coupling
effect. Similar behavior of aRTN has been reported in the context of MOSFET and Fin-
FET devices (WANG et al., 2018; ZHANG et al., 2018). As defect coupling has been
widely observed and discussed in the literature, this work is relevant to provide insight
into the conduction mechanism and its interplay with defects (traps). The devices were
fabricated by a partner group at the Nanotechnology and NanoElectronics Laboratory of

Soochow University, China.

Additionally, this work explored the giant RTN at reading operation, which were sta-
ble in the aforementioned cross-point devices. This type of electrical signal may be espe-
cially useful for RTN-based ICs, as the high conductance on/off ratio (~3 orders of mag-

nitude) facilitates the recognition of each state. We also modeled this behavior, in chap-
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ter 7, assuming the surface-relaxation model in narrow conductive filaments (IELMINI;
NARDI; CAGLI, 2010; AMBROGIO et al., 2014; PUGLISI et al., 2018). Our findings
represent a big step towards the manufacturing of stochastic ICs based on RTN signals,
since this behavior is reproducible for three different dielectrics, TiO,, HfO,, and h-BN
and in multiple devices, having important implications in the field of post-silicon elec-
tronics.

Finally, the closing remarks of this work are presented in chapter 8.
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2 RESISTIVE SWITCHING

2.1 Fundamentals

Resistive Switching (RS) MIM-cells are very promising devices considering the post-
CMOS scenario. According to INTERNATIONAL ROADMAP FOR DEVICES AND
SYSTEMS: BEYOND CMOS (2020), the best parameters designed and demonstrated for
this technology are: Feature size: sub-5 nm (demonstrated in LI ef al. (2014); Retention
time: > 10 years (demonstrated in JAMESON et al. (2013) by monitoring the cell state
for 10000 hours at 200 Celsius); Write cycles: 10'? (demonstrated in LEE et al. (2011));
Read current: ~100 pA (demonstrated in ZHOU et al. (2016)). The main challenge is
to fabricate an unique cell that presents all those parameters regarding variability and

reliability issues.

In nanoelectronics, Resistive switching (RS) is the property shown by some materials
of cyclically changing their electrical resistivity between different stable levels when ex-
posed to specific electrical stresses in a nonvolatile manner (IELMINI; WASER, 2015).
The nonvolatility is achieved when the resistance change is retained for a sufficiently
long retention time after the absence of the electrical stimulus that has imposed it. De-
vices with such capability are commonly called memristors, resistive memory, MIM-like
RS devices (Metal/Insulator/Metal), or RRAM (Resistive Ramdom Access Memories),
(IELMINI; WASER, 2015). Most studies on RS materials and devices (~ 95%) reported
stable RS between two resistance states, namely, high resistance state (HRS) or OFF state
and low resistance state (LRS) or ON state. In addition to the traditional states, some
materials and devices show the ability to present multiple stable and programmable their
electrical quantity (state 1, state 2, state 3, etc.), which may be used for multilevel infor-
mation processing applications (LANZA et al., 2019; QI et al., 2012). However, correctly
distinguishing each conductive state in multilevel devices is a very challenging task due to
the inherent variability of the device electrical magnitudes (shifts of voltage and current),

which becomes even harder when studying a multitude of samples (LANZA et al., 2019).

To implement a MIM-like RS device, the material showing the RS property (namely

RS medium) is typically an insulator and should be placed between two electrodes, named
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top and bottom (usually in the vertical orientation) (LANZA et al., 2019). The typical

structure of these MIM cells is presented in Figure 1.

Figure 1 — Typical MIM-like RS device structure in stacked layers.
+V
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Source: The Author.

Nowadays, there are a multitude of materials that present the RS capability, and that
can play the role of the RS medium. The following materais, however, stand out: the
transition metal oxides, such as HfO,, NiO,, and TiO,; the chalcogens such as CusS
(chalcocite); and 2-D materials such as the Hexagonal Boron Nitride (h-BN), among
others (WONG et al., 2012; SAKAMOTO et al., 2003; SHI et al., 2018). The metallic
electrodes of MIM-like RS devices, produced in the laboratory, are usually composed of
platinum (Pt), gold (Au), silver (Ag), titanium (Ti), nickel (Ni), and copper (Cu) (LANZA
etal.,2019; CHEN et al., 2015) although TaN and TiN are preferred in the industry (Chen
et al., 2015). These layers must be deposited on a substrate of low roughness, in order
to minimize the variability between samples. Typically, this characteristic is obtained
from an oxidized silicon wafer, which comprises of thin (~100 nm) SiO, layer with low
roughness, and can be obtained at a low cost. The bottom electrode is deposited on the
dielectric, and nobel metals, such as gold (Au), are the preferred choice, especially at
universities and laboratories in which temperature and humidity control is limited. The
interaction of the cell with the environment can lead to a rapid oxidation of low-cost met-
als such as copper (Cu) and titanium (Ti). Top electrodes are typically comprised of active
metals, as Copper and Nickel, as these materials allow, through the action of an electric
field, the diffusion of metal ions that form a conductive bridge between the electrodes,
and thus collaborate with the resistive switching mechanisms, discussed in the following
subsections (LANZA et al., 2019).

There are different operating modes to establish the RS behavior depending on ma-
terial and methods. Most MIM-like RS devices reported in the literature operate in the
bipolar resistive switching mode (Figure 2a). From the HRS, a conductive path is formed
when the applied voltage (V = Vgpr) surpasses the threshold voltage (Vy1), which leads
the cell to the LRS. This change of HRS to LRS is called SET operation (write state 1).

To optimize the process and to avoid any damage, a current compliance (CC) is defined
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during the SET transition. In bipolar devices, the HRS is restored when a voltage sig-
nal (V = Vggser) of opposite polarity and absolute value larger than a threshold limit
(Vo) is applied. This change of LRS to HRS is named RESET transition (write state
0). Some devices operate in a unipolar mode, Figure 2b, characterized by the fact that
all write and read operations can be performed with only one voltage polarity. Starting in
the HRS, a conductive path is formed when the applied voltage (V = Vggr) surpasses the
threshold voltage (V,1), with a LRS current compliance (CC). This CC is released in the
RESET process and when Vggspr > Ve the current can exceed the CC value, which
leads the device to changing back into the HRS. The read operation is often performed at
a small voltage for both operation modes, V.4, ~ 0.1 V. Usually, the cells write process
take place by the sweep curve (characteristic I-V curve), Figure 2a and 2b on the left
side, or by the application of voltage pulses over time, Figure 2a and 2b on the right side
(IELMINI; NARDI; CAGLI, 2010; GUPTA et al., 2020). It is also important to remark
that these cells often require a forming process before stable resistive switching can be
achieved, i. e., the conductive filament formation usually involves voltages higher than
normal switching conditions (CHEN, 2013).

Figure 2 — Most common operating modes of MIM-like RS devices: (a) Bipolar and (b)

Unipolar. This curves represent non-volatile devices.
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In materials such as HfO, and NiO, the writing operations (SET and RESET of the
sample) can be perfomed using voltages of both polarities, which characterizes a non-
polar process, Figure 3a, (Gupta et al., 2019). Most devices have a non-volatile behavior
(i. e., long state retention times). However, certain MIM-like RS cells have a volatile
behavior, meaning state retention times ranging from microseconds (us) up to a few sec-
onds. This usually happens when a low current compliance (CC) is imposed during the
SET writing procedure (SHI et al., 2017). This volatile behavior is also observed in the
I x V characteristic curve, shown in Figure 3b. Note that the HRS is restored when the
voltage is reduced below a certain voltage magnitude, smaller than the SET write volt-
age. This behavior was already identified in h-BN based devices and is described in the
literature as a threshold RS (LANZA et al., 2019; SHI et al., 2017).

Figure 3 — Particular operation modes of MIM-like RS devices: (a) non-polar and (b)
threshold RS.
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2.2 Conductive filaments (CF): formation and dissolution

A microscopic analysis of MIM-like RS devices demonstrates that the electrodes and,
particularly the RS medium can participate in the resistive switching process. The most
common resistance switching mechanism is a result of the formation and dissolution of
a single conducting filament (IELMINI; WASER, 2015). A much rare mechanism is the
area-proportional switching, that is, a switching process over the entire cross section of
the MIM cell. Two major types of MIM-like RS devices exist: i) conducting bridge-
based RAM (CBRAM), which involves metal cation motion in a electrochemical metal-
lization (ECM) process and ii) metal-oxide-based RAMs (OxRAM), which involve oxy-
gen ions/vacancies motion in the so-called Valence Change Memories (VCM) (INTER-
NATIONAL ROADMAP FOR DEVICES AND SYSTEMS: BEYOND CMOS, 2021).
These different MIM-like RS devices are further discussed in the following subsections.

2.2.1 Electrochemical Metallization (ECM)

The basic ECM cell is a metal-insulator-metal (MIM system). The cell consists of
an electrode made from an electrochemically active metal, such as Ag, Cu, or Ni; an
electrochemically inert counter electrode, such as Pt, Ir, W, etc; and a RS medium. Fi-
gure 4 illustrates the principle of operation of an ECM memory cell during an entire I-V
switching cycle (VALOV et al., 2011). During this cycle, the filament is formed and then
disrupted. The HRS is the natural state of the sample (Figure 4(A)), when no CF is es-
tablished. The SET takes place as an increasing and positive voltage applied to the active
electrode (top). Using silver as an example of active electrode, the process of silver anodic
dissolution starts, resulting in the reaction Ag — Ag™ + e~ (Figure 4(B)). After that, the
cation Ag™ drifts towards the inert electrode (Pt) due to the presence of an electric field
where it is reduced, according to the cathodic deposition reaction: Ag™ + e~ — Ag (Fi-
gure 4(C)). After the metal filament has grown sufficiently to make an electronic contact
to the opposite Ag electrode, the cells is assumed to switch to its LRS. (Figure 4(D)). The
device holds the LRS-state until a sufficiently large voltage of opposite polarity is applied,
resulting in electrochemical dissolution of the metal filment (Figure 4(E)), re-setting the
cell to its HRS (RESET) (Figure 4(A)). Note that the voltage required to set the same
sample in the subsequent cycles is usually smaller than the first one, as in such cases the
filament it is already partially formed, (VALOV et al., 2011).

2.2.2 Valence Change Memories (VCM)

Cells composed of Transition Metal Oxide (TMO) have the characteristic of bipo-
lar RS, even when no injection of metal ions in the dielectric is observed. Unlike the
ECM mechanism, in which the migration of metallic cations is observed, the VCM pro-

cess is associated to the movement of anions, such as oxygen ions (or by their respective
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Figure 4 — Steps to SET ((A) — (D)) and RESET (D — E) an electrochemical metalliza-

tion memory (ECM) cell based on an active electrode (Ag) and an inert counter electrode
(Pt).
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positively charged oxygen vacancies). Metal oxides, such as TiO, and HfO,, have this
characteristic. It is important to point out that the migration of cations in RS medium
composed of TiO, and HfO, is also possible, and can contribute along with oxygen va-
cancies in the RS process (WEDIG et al., 2016). This characteristic was also verified in
Ti/h-BN/Cu samples, which are similar, except for the metallic electrodes, to those cha-
racterized in this work (SHI et al., 2018). In Figure 5, an analysis via electron energy-loss
spectroscopy (EELS) is presented to compare the chemical species present in a region of
the sample without (on the left) and with (on the right) the presence of a formed CF. It
is verified by the chemical species present in h-BN samples that the formation of the CF
occurs due to a significant migration of boron (B) towards the titanium electrode, and also
from the penetration of titanium towards the h-BN stack. It is noteworthy that the SET
process occurred by applying a positive voltage to the titanium electrode keeping the Cu
electrode grounded (SHI et al., 2018).

Figure 5 — EELS analysis in Ti/h-BN/Cu cell in regions without (left) and with (right)

formed conductive filaments.
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Source: (SHI et al., 2018).

Figure 6 (SHI et al., 2018) summarizes the aforementioned mechanisms of growing
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conductive filaments in MIM-like RS devices: on the left, in a Cu/HfO,/Pt cell, the pe-
netration of copper metallic ions in the dielectric medium dominates the process (as in
the ECM cells). In the center, in a Pt/HfO4/Pt cell, the filament is formed by the migra-
tion of oxygen ions and the consequent generation of oxygen vacancies in the dielectric
medium (as in the VCM cells). Finally, on the right, in a Ti/h-BN/Cu device, the combi-
nation of both effects is verified, as both the movement of Boron ions and the consequent
generation of Boron vacancies, as well as the migration of Ti ions form the filament are
observed. The mechanisms involved in TiO, and HfO, cells are very similar, since in both
cells the oxygen vacancies are the defects that participate in the formation/dissolution of

the filament.

Figure 6 — Different MIM-like RS devices and the correspondig mechanisms to form and

dissolve conductive filaments depending on the materials of the cell.
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3 RANDOM TELGRAPH NOISE

3.1 RTN Fundamentals

Random telegraph noise in MOS transistors has been widely reported and exten-
sively studied due to its important effects on IC reliability (SIMOEN; CLAEYS, 2016).
Novel technologies, however, lag behind both in characterization and modeling of RTN
(PUGLISI et al., 2017). In the context of MOSFETS, in its simplest form, RTN consists
of the temporal switching of the drain current Al between two well-defined levels, as
illustrated in Figure 7. The discrete nature of the RTN fluctuations has been understood in
terms of trapping of a single electron (in nMOSFET) or hole (in pMOSFET) by a defect
at the Si/Si10; interface or in the oxide next to the inversion layer, also called border traps
(FLEETWOOD, 1992) or switching oxide traps (OLDHAM, 2004) . Also, it has been
demonstrated that the 1/f noise in MOSFETs is caused by the summation of many RTNss,
with different trapping/de-trapping time constants first describe by MCWHORTER et al.
(1955) and also discussed in KIRTON; UREN (1989) and SIMOEN; CLAEYS (2016).

The RTN signal generated by a single trap is generally expressed by the random varia-
tion of a measurable electrical quantity (e.g., current, voltage, conductance) between two
well-defined discrete levels (2 states). In the context of trapping and de-trapping of charge
carriers by defects, the RTN is statistically described by three parameters: the amplitude
fluctuation of the electrical quantity, usually AI (current switching amplitude), and the
average time required to emit (7.) and capture (7,.) a charge carrier, as illustrated in Figure
8, (PUGLISI et al., 2017). According to (KIRTON; UREN, 1989), it can be demonstrated
that the times spent at the high and low current states (7. and 7., respectively) are expo-
nentially distributed, resulting in a Poisson process related to the stochastic nature of the
trap. Figure 9 exemplifies a typical frequency histogram of times to emit measured for a
single trap (KIRTON; UREN, 1989).

Several works in the literature (PUGLISI et al., 2017; GONG et al., 2018; PUGLISI;
PAVAN, 2013) also report the observation of multilevel RTN signals, which are definined
as the superposition of multiple independent two-level RTN signals, each produced by a

different trap. A multilevel RTN presents 2 levels, where N is the number of active traps.
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Figure 7 — Random telegraph signals in small MOSFET measured at the indicated gate
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Figure 8 — Random telegraph signal observed in a MIM-like RS device due to capture and

emission of carriers by a single trap.
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Figure 9 — Emission time constant of the trap exponentially distributed.
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In Figure 10 a RTN with 4 well-defined levels is presented, comprised by the independent
sum of the signals produced by Defect#1 and Defect#2, each with its own characteristics
(Al 7, and 7).

3.2 RTN in MIM-like RS devices

The RTN phenomenon is an important metric regarding the robustness of MIM-like
RS devices, and it is intrinsic to any dielectric with defects (traps) IELMINI; WASER,
2015). For MIM-like RS devices, RTN is more relevant at read voltage conditions (~
0,1V), potentially inducing soft errors during read operations (especially when the mem-
ory window between HRS and LRS is relatively small). Therefore, RTN is more relevant
at read voltage conditions (~ 0.1 V); it does not cause irreversible damage in devices, but
affects the variability of the resistance and the magnitude of the current noise (IELMINI;
WASER, 2015). Moreover, detection of RTN signals enable the identification of trap
properties, which may provide valuable information about the reliability of materials
and devices (i. e., the vertical distance of a trap responsible for the RTN from dielec-
tric/electrode interface and the trap energy depth below conduction band of dielectric)
(LEE et al., 2011).

There are two major types of RTN signals observed: the steady-state fluctuations in-
volving trapping/de-trapping with their corresponding time constants (depending on ap-
plied voltage and trap proprieties); and the non-steady-state fluctuations that appears from
the structural disturbances in the CF due to removal or addition of oxygen or other va-
cancies (RAGHAVAN et al., 2013). Figure 11 exemplifies two distinct signatures with
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Figure 10 — (a) A multilevel RTN (in blue), originating from the activity of two defects,

resulting in 4 well-defined discrete levels. (b,c) Decomposition of the multilevel signal

shown in panel (a) into two independent two-level RTN signals, each associated to a

specific trap.
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different current amplitude shifts at different instants of measurement that suggests that
they could be induced by the typical trapping and de-trapping process and by the vacancy

transport inducing filament conductivity fluctuation.

Figure 11 — Observation of RTN signals during a positive ramp sweep in the HRS. The
large current jumps (indicated by red dots and arrows) correspond to vacancy induced con-

ductivity fluctuations and the smaller jumps correspond to electron trapping/detrapping.

Source: (RAGHAVAN et al., 2013).

In the following subsection, RTN-like behavior in emerging MIM-like RS devices
are presented. Since different charge transport mechanisms are presented in the high
resistance state (HRS) and low resistance state (LRS) (PUGLISI et al., 2018), these effects
will be analyzed separately for each operation mode.

3.2.1 RTN in the Low Resistance State

In the LRS state, the conduction mechanism is the drift of charge carriers in conduc-
tive filaments (CF) formed during the SET process. The charge-transport in this state
exhibits quasi-ohmic characteristics (PUGLISI et al., 2014) and the filament is normally
organized by the alignment of a high density of defects and/or metal ions in the insulator
medium. Considering the bulk model of resistance change (IELMINI; NARDI; CAGLI,
2010), trapping activity in the vicinity of a CF can locally reduce its conductance by a
shielding effect on a portion of the CF. Considering this, when a trap emits/occupies it
increases/decreases the filament conductivity. The model describes a cylindrical CF with
length t,, and diameter ¢, resulting in a CF resistance of R = pt,./Syr, where p is the
filament bulk resistivity and Sy g is the CF cross-section in a uniform filament. To es-
timate the area in the CF cross section affected by trapping activity, the Debye length,
given by equation Ap = (¢kTq~?n~!)!/? is used, where ¢ is the CF dielectric constant, k

is the Boltzmann’s constant, T is the temperature, q is the elementary charge, and n is
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the carrier density. The model accounts for a partial or total depletion by defect relax-
ation at the CF surface, and elucidate the size-dependent RTN in NiO RRAM (IELMINI;
NARDI; CAGLI, 2010), Cu-based RRAM (SONI et al., 2010), HfO,-RRAM (AMBRO-
GIO et al., 2014) and the resistance drift in GeSy CBRAM (CHOI et al., 2012). The

model is outlined in Figure 12.

Figure 12 — Schematic picture of the RTN mechanism due to a defect with fluctuating
charge at the CF surface. The CF diameter ¢ and the CF height, tox, equal to the oxide
layer thickness, are shown. When the defect is negatively charged, the CF is depleted

from carriers within approximately a Debye length.
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Source: (AMBROGIO et al., 2014).

In this context, RTN shows a dependence on CF size, where the relative amplitude
AR/R increases with increasing R (the filament resistance), thus decreasing the CF cross
section. This situation is described in Figure 13a: increasing the compliance current (I¢)
the impact on resistance fluctuation becomes smaller, because the higher the compliance
current, the lower the resistance (R) and the thinner the filament (AMBROGIO et al.,
2014). In Figure 13b the relation between AR/R and R is presented. Note that the re-
sistance change, AR, incrases with the resistance levels for all data (NiO-based RRAM,
Cu-based electrochemical RRAM, Cu nanobridges, and HfO,-RRAM). This universal
dependence on R is understood by the aforementioned size-dependent depletion model
(AMBROGIO et al., 2014; IELMINI; NARDI; CAGLI, 2010).

PUGLISI et al. (2018) presented this discussion considering the charge transport in
LRS for a HfO, RRAM. In this case, the conductive filament is formed by a multitude of
oxygen vacancies (Vo), meaning the two electrodes are connected by them. The charge

transport will occur due to charge carriers drift along the CF in an ohmic behavior, char-
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Figure 13 — (a) Measured (on the left) and b) calculated (on the right) resistance depend-

ing on the current compliance (I). Note in a) and b) that the relative amplitude AR/R

increases at increasing R. Calculations were made tunning the carrier density, Np.
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acterizing the LRS state, with a given low resistive value, Ry rg. The activity of a trap
in the vicinity of the filament produces the shielding effect and a variation in its resis-
tance. The relative resistance variation (AR) will depend on the filament geometry, its
radius (rop) and its thickness (tcr) when a cylindrical shape is assumed for the CF. For
a wide filament, (ror) >> A, the portion of the depleted filament is significantly smaller
than the area of the conductive filament, Acp=m(rcr)?, resulting in a small resistance
variation. Consequentely, the thinner the analyzed filament, the greater the impact of
trapping activity will be on the relative variation of the filament resistance. If the voltage
is kept constant, the greater impact on AR/R implies a higher impact on current switching
(BALATTI et al., 2014; AMBROGIO et al., 2014).

3.2.2 RTN in the High Resistance State

The physical mechanism responsible for RTN in HRS is still under debate (PUGLISI
etal.,2018; VEKSLER et al., 2014), but it is widely attributed to the activation and deac-
tivation of defects promoting trap-assisted tunneling (TAT) transport in the oxidized gap
of the conductive filament formed in HRS. The most accepted theory, for the case of metal
oxides, explains the RTN by two mechanism. 1: the coulomb interaction between a fast
defect, as the oxygen vacancies that assist the charge transport, and a slower defect, as
the electron charge trapped at interstitial oxygen defects; 2: the metastable defect con-
figuration of oxygen vacancies that allow the charge transport in HRS (PUGLISI et al.,
2015).

Figure 12a illustrates a MIM-like RS device in its HRS and the two most likely mecha-
nisms responsible for RTN in metal oxides in this operation mode (PUGLISI et al., 2015).
The first hypothesis is shown in Figure 12b and d: the charge trapping at neutral oxygen
interstitial (a slow defect), in the vicinity of an oxygen vacancy (faster defect), can prevent
the oxygen vacancy (Vo) to support the TAT transport due to the Coulomb blockade effect.
In this case, when the slower defect is occupied, the effective current drops; and when the
slow defect emits, the effective current grows abruptly. The second hypothesis, presented
in Figure 12c and e, considers the existence of metastable states in oxygen vacancy de-
fects (GRASSER, 2012). In this framework, the transition of the oxygen vacancy defect
from a metastable (i.e., faster state) to a stable (i.e., slower state) state configuration can
interrupt and provide the charge transport through the defect. The defects time constant
will be very short when the defect is in its metastable configuration, and so contributing to
the charge transport. However, when the defect is in its stable configuration, the capture
and emission times became much longer, which prevents the defect from contributing to

the current flow.
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Figure 14 — (a) Illustration of a TiN/Ti/HfO5/TiN RRAM in HRS operation mode. The
barrier thickness (t;) and the conductive filament (CF) are highlighted. b) and d) When
a slow defect (oxygen insterstitial) is occupied, in the vicinity of a fast defect (oxygen
vacancy), it may induce a Coulomb blockade effect preventing the TAT transport. X is
the trap location. c¢) and d) The TAT current depends on the charge transition between
the neutral and the positive metastable state of an oxygen vacancy. When the defect is in
its stable configuration the TAT transport is inhibited, and the opposite occurs when the

defect is in its metastable state. These transistions cause RTN.
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3.3 RTN in h-BN based cells

Most studies, as shown in previous subsections, describe RTN in the context of metal
oxides. Recently, however, RTN has been analyzed for other dielectrics, with particular
interest in 2D-materials as RS medium in MIM-like RS devices (SHI ez al., 2018; LANZA
et al., 2019). Considering h-BN, recent studies have shown that RTN is also a factor
when this RS medium is applied in the MIM cells (SHI et al., 2018; LANZA et al., 2019;
RANIJAN et al., 2018).

In SHI et al. (2018), the authors identify the trapping and de-trapping of charges in
a Au/Ti/h-BN/Cu device in reading operations. In RANJAN ez al. (2018), the measured
RTN in h-BN-based cells presented a combination of both two-level and multi-level RTN
signals, corresponding to the trends commonly observed for metal oxides. During these
measurements, many instabilities and anomalous current fluctuations were found. In these
measurements, exponential distributions for 7, and 7. were reported, which is related
to the stochastic nature of the traps located in the vicinity of the filament, as presented
in Figure 15. Also, this work also reported flucutations that were consistent with the
existence of metastable defect states in h-BN. In RANJAN et al. (2018b), the authors
indicate the presence of low frequency Lorentzian RTN traces in the LRS state, showing
that charge transport is governed by the defects as Boron vacancy/ions formed in the h-BN
layer during the SET process.

Figure 15 — (a) Multi-level RTN measured for an h-BN/Cu based sample. (b) Section of
the measurement presenting a stable two-level RTN. (c) and (d) Exponential plot of the
extracted 7. and 7, values for the signal between 10 and 20 s. e) Illustration showing a
multiple defects interacting in the vicinity of the percolation path of the formed filament

and the electrostatic defect interactions.
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3.4 RTN dependence on bias voltage

RTN has become an important tool to assess the reliability of emerging devices, given
its potential in characterizing the defects by extracting the energy level of traps, as well
as their physical location, average density, and their respective relaxation and activation
energies. In this sense, obtaining these parameters is only possible when the properties
of the defect are related to known variables, such as the applied read voltages (Vrrap),
the sample temperature, the amplitudes and the average capture and emission times of the
measured RTN signal. In this context, GONG et al. (2018b) developed a technique for
characterizing defects based on the behavior of the capture times, 7. and 7, as a function
of the applied Vrpap. This process is described in Figure 16, which presents the four
typical observed behaviors for the measured time constants in RS devices as a function
of the bias voltage. The dependence of 7. and 7. on bias can determine whether the
analyzed trap interacts with the top (TE) or bottom (TE) electrode: if the rate In((7.)/(7.)
1s negative, it means that the defect interacts with the bottom electrode (Figure 16b-c), if
positive, the defect interacts with the top electrode (Figure 16d-e). Note that in Figure
16¢c-e the emission has a constant trend, meaning that it is independent of the applied
voltage. This indicates that the trap capture the electrons from the bottom or the top

electrode, respectively, and emits it through thermionic emission.

Figure 16 — (a) RTN defect characterization in a TaO5/HfO, cell by increasing the polar-
ization voltage of the MIM cell. Inset shows the RTN signal of LRS at 2.5 V. The red
line is the fitted RTN signal. (b-c) If the polarity of the time constant variation rate is
negative, the defect interacts with the bottom electrode. (d-e) If the polarity of the time
constant variation rate is positivee, the defect interacts with the top electrode. Note that
in (c-e), the emission time is constant, indicating that the trap emit the electrons through

thermionic emission.
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Both the defect’s vertical position, X7, and the trap energy, Er, can be estimated. The
occupancy of the trap is governed by Equation 1 (GONG et al., 2018b):

KgT

Tc

Er —Ep=

In(=) ey

Te
where Er is the Fermi energy level, K is the Boltzman constant, T is the temperature, q
is the fundamental charge of the electron, and 7. and 7, represent the average capture and
emission times measured, respectively, of the trap. In addition, the vertical location of the

trap, X, can be obtained from the relationship presented in Equation 2:

T _ KBlen(%)
Tox ¢ dV

where, X7 is the distance of the trap in relation to the respective electrode, Tox is the

2

thickness of the oxide and V is the applied voltage.

A similar result is obtained in PUGLISI et al. (2015), which agrees with the behavior
presented in Figure 16e. Note in Figure 17a that the current fluctuation, Al, increases
along with the applied reading voltage, due to the increase in the tunneling and relaxation
probability in an multiphonon trap-assisted tunneling (MP-TAT) process. However, the
relative variation of the current, Al/I, is independent of the reading voltage, demonstrat-
ing that the increase in conduction is related to a greater probability of tunneling (trap
activity). The exponential dependence of 7. on Vg 4p is mainly due to the higher energy
released by electrons to the lattice at every capture event. In contrast, the constant trend
shown by 7. is because the electron emission occurs preferentially from the ground state
of the trap and the relaxation probability does not depend on the applied voltage

Although the literature is more comprehensive for HfO, based devices, it is notewor-
thy that this dicussion is also valid for TiO, based cells, as presented in PIRROTTA et al.
(2014) and FROHLICH (2013).
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Figure 17 — (a) Experimental current variation, Al (in blue), in a HfOy based device
and the current variation over the average current, Al/I (in red), over the applied reading
voltage. (b) Experimental average capture (in blue) and emission (in red) times over the

applied reading voltage. 7, exponentially depends on Vggap, while 7. shows a constant
trend.
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4 NON-STANDARD RTN PATTERNS

As discussed in previous chapter, important progress has been made in recent years
towards understanding the physical mechanisms resposible for RTN in MIM-like RS de-
vices. Nevertheless, additional efforts are required to refine the understanding of irregular
RTN patters, such as time-dependent RTN and anomalous RTN (aRTN) (GRASSER,
2020). Anamalous RTN is the set of multilevel RTN-like signals that cannot be modeled
as the simple sum of independent two-level RTN signals, in which the components that
sum up to the observed aRTN signal can present certain degree of correlation, although
this behavior is still far from being understood (GRASSER, 2020). Temporary RTN,
on the other hand, is related to the abnormal temporal changes of the RTN parameters
(PUGLISI et al., 2016). In this chapter, experimental data available in the literature on
aRTN and temporary RTN are presented and discussed.

4.1 Trap Coupling Effect

Anomalous RTN signals, sometimes also identified in the literature as complex RTN,
are reported not only in the context of MIM-like RS devices, but also for other devices,
such as MOSFETs (WANG et al., 2018) and FINFETs (ZHANG et al., 2018). In these
works, the observed anomalous RTN behavior is associated to a coupling effect between
different traps in the same device. This coupling effect means that the amplitude and time

constants of one trap are affected by the occupancy state of another trap.

This coupling effect is exemplified in the context of MOSFETs (WANG et al., 2018)
in Figure 18. The time trace in Figure 18 exhibits two distinct RTNs; a slow RTN and a
fast RTN. Careful analysis of the time trace indicates that both the measured trap impact
(Ald/Id) as well as the average time-to-capture (7,.) of the fast trap are correlated to the
slow trap state, being A and B the time traces of the fast trap when the slow trap is
empty and occupied, respectively. Following WANG et al. (2018), aRTN with coupled
amplitude, i.e., the current deviation produced by one trap is affected by the occupancy
of another trap, can be classified into two categories: 1) if the current amplitude deviation

(AI) increases when another trap is occupied the coupling effect is positive; ii) if the
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current amplitude deviation (AI) decreases, the coupling effect is negative.

Figure 18 — An example of anomalous RTN induced by two coupled traps in a MOSFET
device, referred to as coupling effects complex RTN (CE-cRTN). Note that the slower
trap impacts on both he average time-to-capture (7.) and the relative amplitude (AlId/Id)

of the faster trap. In situation A: the slow trap is empty. In situation B: the slow trap is

occupied.
CE-cRTN: Impacts on both time constant & amplitude
0 A <y EL‘\
E X241} O B
* p
0. I Siel AT

0.1
5 .
S )1 Y A A S
A: Fast trap without B: Fast trap with
slow trap occupied slow trap occupied

Source: (WANG et al., 2018).

WANG et al. (2018) present two microscopic mechanisms of trap interaction to sus-
tain this theory: one is the Coulomb repulsion effect between different traps; and the other,
presented in Figure 19 is the channel percolation effect, through an important local carrier
density change induced by trapping activity. This mechanism is presented by the authors
as the dominant trap interaction mechanism in single nanoscale devices. For instance, in
the case of MIM-like RS devices, when the CF across the insulator is not homogeneous,
the electrical field may not be constant over the dielectric. Then the electrical potential at
the trap site is not solely a function of trap distance from the electrodes. Furthermore, the
electrical potential at a trap site may change if occupation of other trap sites changes.

The trap coupling mechanism has been discussed in the context of FINFETs by ZHANG
et al. (2018) and GUO et al. (2018). ZHANG et al. (2018) demonstrated that the tradi-
tional RTN is not totally dominant in the measured samples, since the RTN signals associ-
ated to trap coupling exceeded 40% of the cases in their FINFETSs samples. Furthermore,
there is a significant amount of 3-level RTN, with a strong coupling effect between traps,
despite the 4-level RTN being the most recurrent behavior. Both situation are presented
in Figure 20.

It is important to remark that in a traditional multilevel RTN, the signal presents 2%
levels, where N is the number of active traps. In the case of 3-level RTN, an expected

current discrete level is lost (masked) due to different effects, such as coupling between
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Figure 19 — Mechanism of trap interaction behaviours: traps on the same percolation path
will impact each other’s characteristic parameters.
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Figure 20 — RTN-like signal measurments in a FINFET device: a RTN with a missing
level (strong coupling effect) and a RTN induced by two coupled traps (note that the fast

trap switches with a larger amplitude when the slow trap emits).
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the traps. The situation is verified when the current level when a fast trap (A) is occupied
and another slow is empty (B) is very similar to the current level observed when A is
empty and the B occupied. According to GUO et al. (2018), the coupling effect is related
to the fact that the charged trap can change the distribution of channel percolation path
(PP) in the FINFET and thus change the RTN induced by another trap. 3-level RTN signal
are also recorded in MIM-like RS devices, as presented in an Oxide-Based Resistive
Switching Memory (GONG et al., 2018).

GUO et al. (2018) also presents the trap coupling effects on measured RTN in a FIN-
FET, shown in Figure 21. The current variation produced by the fast trap (a) is impacted
by the switching activity of the slow trap (b). It is possible to observe that the impact of
(a) is significantly smaller when (b) is occupied, thus being refereed to as a negative cou-
pling. The authors also conclude the RTN amplitudes are mainly impacted by the formed

percolation paths.

Figure 21 — (a) The illustration of the measured FinFET. (b-c) The typical RTN measured
data with coupling effect. Note that the amplitude of the faster RTN (A) is reduced while

the slow trap (B) is occupied. This is called negative coupling effect.
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4.2 Temporary RTN

Besides two-level, multilevel, and anomalous RTN fluctuations, experimental obser-
vations (PUGLISI et al., 2016) show the occurrence of temporary RTN-like behaviors.
These phenomena are usually classified as follows: 1) Transient RTN (tRTN): a two-level
RTN fluctuation that appears and disappears during the measurement in a random and
time-dependent fashion. This fluctuations shows no correlation with another two-level
RTN components, as presented in the aRTN context. 2) Mutant RTN (mRTN): a two-level
RTN-like behavior that randomly and temporarily changes its statistical characteristics, i.

e., amplitude deviation (Al) and/or its time constants (7. and 7.). This temporary beha-
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vior was also discussed in the context of MOSFETs by GRASSER (2012), which reported

RTN signals that were visible for a relatively short period of time before vanishing.

PUGLISI et al. (2016) proposes a model for measured tRTN (see Figure 22a) in HRS
in reading condition for a MIM-like RS device based on HfO,. This signal is characte-
rized by a dominant two-level RTN fluctuation from the beginning of the measurement
until time > 9 s. Then, this two-level RTN temporarily vanished and reappeared at time
> 18 s. The authors attribute this behavior to the defect drift-diffusion mechanism. It
was demonstrated through simulation that diffusion of O (oxygen) interstitial defects also
occurs in reading conditions, although this is not the case for oxygen vacancy (Vo) de-
fects. PUGLISI et al. (2016) also consider that both the Coulomb interaction between
charged defects and the possible O interstitial diffusion allow reproducing both the tRTN
and mRTN presented in Figures 22 and 23, respectively. In the context of Figure 22a,
the authors conclude the RTN statistical properties are affected by changes of the O in-
terstitials position and energy. Figure 22b show the Coulomb interaction between the
oxygen vacancy (Vo) that assist the charge transport (red spheres) and the interstitial O
(blue spheres), in a light red zone. In this model, if the new location of the diffused O
interstitial becames too far from the Vo defect assisting the TAT current, then the RTN

fluctuation will vanish with the reduction of their Coulomb interaction.

The same model used to describe transient RTN can be adapted to explain mutant RTN
(PUGLISI et al., 2016). For instance, as described in the previous chapter, an O interstitial
in the vicinity of a Vo defect can cause RTN. Thus, if this defect slightly changes its posi-
tion as a result of interstitial diffusion (but still having a Coulomb interaction with the Vo),
Figure 23b, then the change in the RTN properties will be correspondingly small. This
scenario corresponds to the measured mRTN presented in Figure 23a. The differences on
the model interpration between tRTN and mRTN are restricted only by the random posi-
tions of both the Vo and the O interstitial defects. If the new location of the diffused O
interstitial becames too far from the Vo, vanishing the defects Coulomb interaction, it may
lead to tRTN; if its new location is close enough to maintain the Coulomb interaction, it
may lead to mRTN. Both mechanisms depend on the stochastic nature of the microscopic

involving drift/diffusion and charge trapping/de-trapping.

4.3 Giant RTN

Finally, other works (SONI et al., 2010; BENVENUTI et al., 2014) also present a
different RTN-like phenomena, characterized by a huge impact on the conductance fluc-
tuation in reading operation, usually called Giant RTN. For instance, in the context of
MIM-like RS devices, giant RTN fluctuations characterized by relative resistance varia-
tions of up to 50%, illustrated in Figure 24, were presented in SONI et al. (2010). Com-

paratively, the same work found variations in the range of 5% in similar MIM cells under
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Figure 22 — (a) Experimental tRTN measured in an HfO,-based MIM-like RS device
in HRS at Vrpap = 60 mV. (b) Illustration of a possible diffusion scenario leading to
tRTN. The O interstitial diffuses in a available interstitial site far from the Vo, temporarily
modifying 7. and 7, and stopping the 2-level RTN.
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Figure 23 — (a) Experimental mRTN measured in an HfO,-based MIM-like RS device
in HRS at Vrpap = 80 mV. (b) Illustration of a possible diffusion scenario leading to
mRTN. The O interstitial diffuses in another available interstitial site close from the Vo,

temporarily altering the RTN characteristics, 7. and 7.
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the same conditions when the giant RTN is absent. In this paper, the Giant RTN phe-
nomenon is associated to the different geometries of the percolation paths formed in the
cell. For every percolating conducting network exists an ensemble of different structures
and critical weak links, i. e., regions where the filament presents small effective cross-
sectional areas. Thus, very large relative resistance (conductance) swings can happen
when trapping acitivity affects the conductivity of one of the weakest connections along
the conducting paths. BENVENUTI et al. (2014) also observed, in simulation, that giant
RTN may occur when a trap is placed on these critical positions on the conductive path,
1. e., when the defect is able to switch-off the main percolation path for a dopant/grain
configuration with a highly non-uniform conduction. Such large resistance fluctuations
can induce significant bit-error rates during reading cycles in memory applications. This
can be an important issue for the industrial applications of MIM-like RS devices (SONI
et al., 2010).

Figure 24 — Experimental giant RTN signal with AR/R ~ 50 % observed on a Cu doped
Geg 3Seq.7 based cell.
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5 DEVICES CHARACTERIZATION AND DATA ANALYSIS

The complex RTN-like patterns and characteristics presented in the previous chapter
pose a significant challenge towards understanding and modelling these effects (LANZA
etal.,2019; PUGLISI et al., 2017). In this chapter, the most commonly used methods are

presented and discussed, highlighting their limitations.

5.1 Measuring RTN in MIM-like RS Devices

As discussed in chapter 3, the traditional 2-level RTN, resulting from the activity of
a single trap, is described by 3 parameters: the amplitude fluctuation of the electrical
quantity, usually Al; and the average times required to emit (7.) and capture (7.) a charge
carrier. However, as the temporal parameters represent the average value of an exponential
time distribution, the individual realization of the charge capture and emission events
occur in a time interval that can deviate orders of magnitude from their respective average
values. Regarding this matter PUGLISI et al. (2017) alert that the statistical analysis of
the RTN parameters has to account for fundamental characteristics of the noise process,

such as:

(a) Several defects may be active on the same device, and each one of them has capture
and emission times that can differ by orders of magnitude;

(b) Operating conditions, especially reading voltage, modify the properties of the
RTN;

(c) The RTN parameters are — prior to the measurement — unknown. Thus, the
sampling window and the measurement time resolution are defined during the characteri-
zation, and cannot be pre-determined.

Considering the exponential nature of the distribution of RTN time constants, it is
possible that some of their individual realization along the measurement will be shorter
than the sampling time (the measurement resolution). This is an issue when the time
sampling is not short enought to estimate the average value of the parameters, resulting in
undersampling (PUGLISI et al., 2017). This situation is exemplified in Figure 25. Note

that when the sampling time (75) is equal to the average time constants (7. .) = 100 ms (in
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red), the signal is totally corrupted. However, when 7, is 100 times shorter than 7., (in

blue), the RTN discrete levels are well-defined and correctly recorded.

Figure 25 — Experimental giant RTN signals recorded for different sampling time (7):
7, 1s 100 times shorter than 7., (in blue); 7 is half of 7.. (in pink); 7, is equal to the
average time constants (7..) = 100 ms (in red). Note that in the last case the signal is
corrupted. When 7, is sufficiently shorter than 7.., the RTN discrete levels are well-
defined on measurement.
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Besides undersampling, for a fixed measurement time window, reducing sampling
time may result in prohibitively large measurements. Thus, a compromise between the
temporal resolution (7,) and the measurement time window, which depends on the finite
number of samples composing the measured RTN signal (N), must be achieved. In Figure
26, the relative percentage error in the estimated average capture and emission times are
shown, which decrease with increasing the H ratio, (Tj—j). PUGLISI et al. (2017) define a
safe operating zone from a given H, when the error becomes constant and dependent only
on N. In short, during the electrical characterization, it is expected to measure an RTN
signal whose average parameter values, 7. and 7., are at least one order of magnitude (10
times) larger than 7, also observing the number of samples N.

The first step to analyse RTN signals is the extraction of the well-defined levels from
the measured RTN data. The most typical approach relies on building the histogram of the
measured RTN signal (REALOV; SHEPARD, 2010) assuming that the background noise

superimposed to the RTN signal can be considered Gaussian. As an example, observe the
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Figure 26 — The relative percentage error in the estimated average capture and charge
emission times of two-level RTN signals over the ratio (H) between the actual 7. . and the
sampling time 7,. Thus, H = T;—: A safe zone from a given H is identified when the

relative error is constant and dependent only on the lengh of the signal (N).
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traditional multilevel RTN presented in PUGLISI et al. (2017) in Figure 27a, that presents
4 well-defined current levels. A gaussian model fitting with the 4 four components can be
applied to estimate the average values of the Gaussian’s distributions. Another tool widely
used in such analysis is the time-lag plot (TLP), presented in Figure 27b. By counting the
number of spots in a TLP, it is possible to estimate the number of RTN discrete levels.
Figure 27c¢ shows the current histograms and the four Gaussian’s means: i1, ft12, [LL3s
and pip4.

Once the discrete levels were found, the next step consists of extracting the individual
realizations of 7. .. The most used method to estimate the average values of time constants
is the Factorial Hidden Markov Model (FHMM), (PUGLISI; PAVAN, 2013), where the
state of each trap is considered a random variable, and the RTN signal is seen as a super-
position of multiple two-level RTNs. A graphical representation of the FHMM concept
is given in Figure 28, where Si" represents the hidden state of each trap under analysis,
being state (m), at time (t), while Yt represents the output of the entire process (i. e., the
expected value of the multilevel RTN) at time t.

It is important to remark that FHMM is used in traditional multilevel RTN analysis,
but the instabilities in RTN traces, such as anomalous or time-dependent RTN, complicate
the analysis. In this cases, the analysis is usually made by intervals, regarding the changes

in the RTN parametters and the correlation between different defects, as in RANJAN et al.
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Figure 27 — (a) Experimental multilevel RTN sginal. (b) Time Lag Plot showing 4 spots
of well-defined current levels: L1, L2, L3, and L4. (c) The current histograms and the

four Gaussian’s means: fir1, MLz, ML3, and ,uL4
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Figure 28 — Graphic representation of an FHMM. At each instant of time t, the output Yt
is related to the superposition of the states of M independent and parallel Markov chains.
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(2018) and PUGLISI et al. (2015). The correlation presented in the anomaulous 3-level
RTN signal presented in Figure 29 exemplifies this challenge. In this case, the authors
separately analyzed each portions of the I-time plot where the slow RTN signal is in the
high-current state. Note that the behavior of the fast trap is precisely correlated to the state
of the slow one. There is no established method or algorithm to analyze aRTN, although

the recommendation is to separate the analysis by measurement intervals.

Figure 29 — Experimental 3-level RTN signal and the correlation between the fast and the
slow trap.
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5.2 Experiments and Analysis Setup

In this work, measurements were performed in cross-point MIM devices comprised
of: N1/Ti02/Au, Ni/HfO2/Au, and Ni/h-BN/Au MIM with active areas of 5 ym x 5 pm.
The devices were fabricated by a partner group: the Institute of Functional Nano & Soft
Materials at Soochow University, China. The fabrication process is as follows (LI et al.,
2021; SHI et al., 2018). First, SiO, substrates of 1.5 cm x 1.5 cm were cleaned in acetone,
alcohol, and deionized water, using ultra-sonication (99 W) for 20 minutes in each step.
Then, 40-nm-thick Au bottom electrodes (with 10 nm Ti as adhesion layer underneath)
were patterned by photolithography (Model MJB4, SUSS MicroTec), including metal de-
position by electron-beam evaporator (model PVD75, Kurt J. Lesker) and lift off (rinse
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the sample in acetone for 1 min to remove the photoresist). After that, in different set of
samples, the TiO, (~4 nm) and HfO, (~4 nm) dielectrics were deposited by atomic layer
deposition, and the h-BN (~6 nm) layer was synthesized by chemical vapor deposition
on a Cu foil and transferred on the bottom electrodes. Finally, 50-nm-thick Ni top elec-
trodes were patterned via photolithography and sputtering (at 150 W for 30 minutes). The
dedicated process is described in SHI et al. (2018) and LI et al. (2021). The estructure of
the measured cross point devices is illustrated in Figure 30a. The samples were disposed

in a matrix as shown in Figure 30b, zoomed at the devices active area, Figure 30c.

Figure 30 — (a) Schematic of cross-point MIM devices (b) A matrix of samples and (c)

the optical image of a single device.

a)

M Silicon substrate ™ Bottom electrode Transferred h-BN © Top electrode

b) 5x 5 pym? C) Cross-point 5 x 5 ym?

Top
electrode

Source: Schematic Produced by the Institute of Functional Nano & Soft Materials at Soochow

University.

The devices were characterized in the Laboratory of Electrical Characterization (LCE)
at the University of Rio Grande do Sul (UFRGS). The MIM-like RS devices were mea-
sured using a probe station connected to a semiconductor parameter analyzer Agilent
4156A by applying a constant voltage to the top Ni electrode and measuring the current
over the time. All measurements were executed in a dark environment at ambient at-
mosphere and at room temperature. The methodology that was employed to determine
whether a device exhibits RTN was the standard recommended by the industry (LIU et al.,
2012). This methodology consists of applying a small voltage, after SET/RESET, that
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produces a noisy current signal, and start to increase it until RTN-like behavior is ob-
served. If no RTN signal is observed, then other stresses are applied to introduce defects
in the dielectric; and after that, constant reading voltages of different magnitudes were ap-
plied again to try to observe RTN current signals. It is important to remark that the RTN
properties displayed by different MIM-like RS devices cannot be compared by applying
the same voltage to the different devices, as the RTN properties are strongly related to
the microscopic properties of the defects involved (which differ in different material sys-
tems), and to the value of the electric field at the location of the defect involved in RTN
(LI et al., 2021).

To induce the SET/RESET in the samples, both procedures indicated in LANZA et al.
(2019) were performed: (i) apply a ramped voltage stress (RVS) and observe the SET/RES
in the current versus voltage (IxV) sweeps; and (ii) apply a pulsed voltage stress (PVS),
which matches the stresses applied to realistic devices, and simultaneously measure the
drive current of the cell. As also recommended in LANZA et al. (2019), larger voltages
were applied (~V) for the SET/RESET and reading voltages in the order of 0.1 V. In all
induced SET/RESET, a current compliance (CC) in the ©A-mA range was used in order
to limit the energy delivered and avoid damages. These are the typical values of CC used
in similar devices (RANJAN er al., 2018; LANZA et al., 2019; SHI et al., 2018; L1 et al.,
2021; LIN et al., 2011).

5.3 Preliminar Characterization and Data Analysis

Our data showed that richer and more accurate information could be obtained if
SET/RESET are performed using Constant Voltage Stress (CVS) rather than using the
traditional IxV (butterfly/hysteresis) curves. In the traditional IxV curves the timing
information is lost. SET/RESET point may depend on number of points in the trace
(e.g.,voltage step) and measurement time (which may depend on equipament speed set-
tings and/or current range). Since a pulse generator was not available, the CVS process
was used to emulated the PVS behavior, as the constant voltage is applied in the samples
with no previous bias. In the following Figure 31, examples of SET/RESET in CVS are
shown, which is repeatedly seen in HfO,, TiO,, Figure 31a-b, and h-BN, Figure 31c-d,
based samples. Note in Figure 31, for the TiO,-based sample it takes a few hundred sec-
onds to impose the SET, and to restore the HRS state, with the chosen applied voltages
(0.6 V for the SET and -0.4 V for the RESET). Thus, in the following measurements,
higher voltages were used to obtain obtain shorter SET/RESET times. HfO, presented a

similar behavior compared to TiO, devices.
It is also important to remark that HfO,- and, TiO,-based samples presented a non-
volatile character, i.e., long state retention times at reading voltage, while most h-BN

presented a volatile character, 1.e., short LRS retention times. This is exemplified in the
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Figure 31 — SET/RESET performed using CVS (a,b) in TiOs-based sample; SET imposed

with 0.6 V and RESET imposed with

-0.4 V. (c,d) in h-BN-based sample; SET imposed

with 7 V and RESET imposed with -0.1 V.
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IxV (butterfly/characteristic) curve of a h-BN based sample, in Figure 32a. Note that
the high-resistance state is restored when the voltage is reduced below a certain voltage
magnitude, smaller than the SET write voltage. As discussed in Chapter 2, this behavior
was already identified in similar h-BN based devices (SHI et al., 2017; LANZA et al.,
2019). In this situation, a sequence of IxXV SETs shown in Figure 32b can be used to
continuosly SET the sample. This is another reason to use CVS rather than using the
traditional IxV to SET/RESET h-BN samples.

Figure 32 — (a) The characteristic IxV curve of an h-BN based sample showing a volatile
behavior.(b) Consecutive SET process applied in an h-BN based sample. Note that for
each consecutive append; Append 0, Append 1, and Append 2, the LRS is continuously

achieved.
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Also, TiO,- and HfO,-based samples displayed a non-polar behavior, i. e., SET and
RESET can be achieved on both polarities, which is related to the metallic filament cha-
racteristic (LIN ef al., 2011; CORTESE et al., 2016). In Figure 33, this is exemplified
for HfO,-based samples. Note that the SET can be obtained by a positive sweep voltage,
Figure 33a, and by a negative sweep voltage, Figure 33b.

Data show that besides the traditional RTN, there are many concurrencies of anoma-
lous and temporary RTN. We measured 150 samples, of which 85 presented RTN. Among
those, 50 samples displayed anomalous RTN. As discussed in Chapter 3, traditional RTN
is understood as the RTN in which each trap produces a 2-level RTN, see Figure 34. Note
the sum of the activity of many traps may happen, but without interaction/coupling be-
tween traps. In the first set of experimental observations, coupling between traps seems
to be present (see Figure 35). As discussed in Chapter 4, the coupling effect is associ-
ated to the traps that may be close to each other and interact electrostatically, or if a trap
changes the percolation path interfering with the activity of a second trap on the same

branch. Time-dependent RTN singals were also recorded, see Figure 36, showing traps
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Figure 33 — HfO,-based samples presenting a non-polar behavior. The sample is SET by

a (a) positive sweep voltage and (b) negative sweep voltage.
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which repeatedly produce noise for random time intervals. Finally, apparent Giant RTNs
were measured, showing fluctuations of multiple orders of magnitude, as shown in Figure
37. We identified 45 giant RTN measurements in 18 different samples.

It is important to remark that all the lower resistance levels measured in reading oper-
ation are not limited by the configuration of the semiconductor parameter analyser, 1. e.,
the higher current levels are not determined or limited by the current compliance. Also,
regarding the samples reliability, it was identified that the samples degrade over time,
meaning that, typically, a novel SET operation is necessary to put the samples in LRS
when accessed in different days. Also, it was identified that in long reading measure-
ments (of a few hours) the SET is usually losted. This phenomenos can be related to

temperature effects and joule heating.

Figure 34 — Experimental (a) traditional 2-level RTN and (b) traditional 4-level RTN in a
h-BN based sample under a constant 100 mV applied voltage in LRS state.
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Figure 35 — (a) Experimental aRTN in a TiOs-based sample under a constant 200 mV
applied voltage in HRS state. Note that there are zones of "normal" 2-level RTN and

other zones with apparent coupling trap.
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Figure 36 — (a) Experimental tRTN in a TiOs-based sample under a constant 500 mV

applied voltage in HRS state. Note that the current fluctuation appeared and dissapeared
during the measurement window time.
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Figure 37 — (a) An apparent experimental giant RTN recorded for a HfO,-based sample
under 50 mV applied voltage. Note that a continuous increase of current is observed in the
lower current level. This degradation phenomenon is not related to trapping activity and
is not observed in the higher conductance level, as, in such case, the orders of magnitude
of current are much higher. In this work, we are interested in the RTN phenomenon, i. e.,

the giant discrete jumps of conductance presented in such measurements.
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Considering this, an algorithm was developed to extract the RTN signal parameters
in the presence of Gaussian (white) noise (DA SILVEIRA et al., 2021). The algorithm
performs the extraction of RTN signal parameters from synthetic and experimental data
measured in electronic devices. At first, the well-defined levels are identified, from the
gaussians in the current occurrence plot. Then, it searches for the RTN current swings to
determine where the transitions start and end. Right after that, the individual realizations
of 7. . are used to visually validated the RTN parameters by fitting the calculated values

to the experimental data, as shown in Figure 38.

Figure 38 — Experimental 2-level RTN fitted by the algorithm that extract the RTN signal
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In this work, the experimental results show evident defect coupling effects. We mea-
sured 150 samples, of which 85 presented RTN. Among those, 50 samples displayed
anomalous RTN. From these observations, an electrical trap coupling model was deve-
loped and compared to experimental current vs time (I-t) plots collected in Ni/TiOy/Au,
Ni/HfO,/Au ,and Ni/h-BN/Au cross-point devices; and similar aRTN reported in the lit-
erature in the context of MOSFET and FinFET devices (WANG et al., 2018; ZHANG
et al., 2018). Additionally, this work explored the giant RTN signal observed at reading
operation, which were stable in the aforementioned cross-point devices. We identified 45
giant RTN measurements in 18 different samples. We also modeled this behavior, in chap-
ter 7, assuming the surface-relaxation model in narrow conductive filaments (IELMINI;
NARDI; CAGLI, 2010).
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6 TRAP COUPLING MODEL

6.1 Experimental

I-t plots at different constant voltages were collected in cross-point Ni/TiOs/Au and
Ni/h-BN/Au MIM devices with active areas of Spum X Sum, fabricated using photolitho-
graphy, electron beam evaporator (for Au deposition) and sputtering (for Ni deposition).
The TiO, film was 4-nm thick and was synthesized by atomic layer deposition, and the
h-BN sheet was 5-nm thick and was synthesized via chemical vapor deposition on Cu and
transferred on the target wafers. The MIM-like RS devices were measured using a probe
station connected to a semiconductor parameter analyzer Agilent 4156A by applying a

constant voltage to the top Ni electrode and measuring the current over the time.

6.2 Coupling Trap Model

The goal is to present the simplest possible model that captures the essence of defect
coupling in a percolation path. It is particularly useful and instructional that the minimalist
model correctly reproduces the observations and several data in the literature. In devices
that display this characteristic, the current should flow preferably through paths of low
electrical resistance. This is the typical situation for the current flow in dielectrics, such
as those employed in MIM-like RS devices. This should also be the case in MOSFETs
and FinFETs, in which the effects of Random Dopant Fluctuations (RDF) and RTN are
present(ASENOV et al., 2001; FAN et al., 2014).

From this, a simple model is proposed for trap coupling in CFs formed across the
insulator of MIM-like RS devices. First, we assume that the electrical field may not be
constant over the dielectric. Then the electrical potential at the trap site is not solely a
function of trap distance from the electrodes. Furthermore, the electrical potential at a
trap site may change if other traps are occupied, as presented in the trap coupling models
in the next subsections. If the CF across the insulator is not homogeneous, percolation
paths may be formed and abstracted as a network of electrical resistances, which can be
dynamically affected by capture and emission activity. Particularly, the different branches

may be arranged in series (see Tg; and Tgy in Figure 39a) or in parallel (see Tp; and
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Tpy in Figure 39b). The measured MIM-like RS devices displayed RTN behavior that
not only is consistent with trap coupling, but also could be modeled using the proposed
methodology. It is worth noting that the proposed model is not restricted to the case of
two traps and MIM-like RS devices. As discussed in Chapter 4, similar behavior has been
recorded in MOSFET and FinFET devices.

Figure 39 — Schematics displaying the proposed models for (a) series coupling of traps
(Ts1 and Tgo), i.e., Series Coupling Traps Model (SCTM), and (b) parallel coupling of
traps (Tp; and Tpy), i.e., Parallel Coupling Traps Model (PCTM). Rg; and Rg, refer to
the series resistances at the branches of traps Tg; and Tg, (respectively), and Rp; and Rps
refer to the parallel resistance at the branches of traps Tp; and Tpo (respectively). The
orange spheres represent active defects. The suffixes EMP and OCC refer to the value
of the resistances (either series or parallel) when the active defect is empty and occupied

(respectively). This is the simplest electrical model that can handle two coupling traps,
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In essence, we investigate aRTN with coupled amplitude, i.e., when the amplitude of
one trap is affected by the occupancy state of another. If the amplitude decreases, we
consider it to be a negative coupling effect, see Figure 40a, and if the trap amplitude

increases, we consider it to be a positive coupling effect, see Figure 40b.

6.2.1 Series Coupling Traps Model

The states of Tg; and Tgo may modify the filament resistances Rg; and Rgo, due
to Coulomb blockade of a portion of the filament in LRS, and due to multiphonon-trap-
assisted tunneling mechanism in HRS, as presented in Chapter 3. The resistance Rg1 gasp,

related to Tg; in its empty state, is lower than Rgq oo, related to T in its occupied state.
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Figure 40 — a) When T, occupies, its resistance increases. Therefore, the voltage drop in
Tg; decreases and consequently the current oscillation (AI) produced by Tg; is smaller
when Tgs is occupied (AIHigh > AlLow). (b) When Tpy occupies, its resistance in-
creases. Thus, the voltage drop in Tp; also increases. Therefore, the current oscillation
(AI) produced by Tp; is higher when T ps is occupied (AlLow > AlIHigh). Tg; and Tpy
are the faster traps.
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The same occurs for Ty and its associated resistances, i.e. Rgs gpp < Rs2.0cc. Let us
now assume that Tg; switches faster than Tgs for analysis purposes. When Tg, changes
from EMP state to OCC state, Rgo increases, as well as its voltage (VRgy). At the same
time, this state transition reduces the total current flowing along the CF and the voltage
of Rg1 (VRgy). Therefore, the current variation produced by Tg; is impacted by the
switching activity of T, and it is less significant when Ty is occupied. This case can be
referred as negative coupling amplitude effect.

The described behavior has been experimentally observed in Ni/TiOy/Au devices. As
Figure 41a shows, the current fluctuates between four well-defined levels. Figure 41b
shows the current histograms and the four Gaussian means: p1, p2, 13, and 4. Conside-
ring the applied voltage, it is possible to estimate the equivalent resistance histogram, and
its four Gaussian means: pR1, uR2, uR3, and ©R4, depicted in Figure 41c. The negative
coupling behavior is verified because the value of Aly;cy = 59 nA, is approximately
20% greater than Al o = 49 nA. This contradicts the established regular multi-level
RTN definition, presented in Chapter 3, where we expect the two Gaussian pairs to have
the same difference between their averages.

It is also important to remark that previous works report irreversible current jumps,
caused by ion migration in the insulator of MIM-like RS devices. Such events occur even

when the MIM cell operates under a low read voltage. This effect is recurrently referred
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to as Random Walk (AMBROGIO et al., 2015; CHAI et al., 2017) and differs from our

experimental observations in which the currents oscillate between well-defined levels, as

seen in Figure 41a, showing reversible RTN signals.

Figure 41 — (a) Experimental aRTN in a TiO, based sample under a constant 200 mV

applied voltage in HRS state. (b) Current discrete levels estimation and (c) Resistance

discrete levels estimation for the plot in panel (a). (d) SCTM Current Fitting.
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Considering the four well-defined current states are associated to the applied voltage

(V) and the possible states Rs1.0cc, Rs1.20mp » Rso.0cc, and Rga s p, the current can be

obtained from the system of equations in (3).

I R v 3)
Statesl/States2 R€QState51/smtesz (RSI.(EMP/OCC) + RSZ(EMP/OCC)) / / Rp
The equation system derived from (3) is comprised of (4), (5), (6), and (7).
Reqocc/occ = pR1 = Rg1.occ + Rsa.oce//Rp “4)
Reqoccjoce = pR2 = Rs1.pmp + Rs2.occ//Rp )

Reqoccjoce = pR3 = Rsi.occ + Rse.emp//Rp (6)
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Reqocc/occ = pR4 = Rg1.gmp + Rso.pmp//Rp (7

For the general case, the equation system composed of the four possible states of (3)
is numerically solved to estimate the resistance parameters: Rg1. garp, Rs2.arp, Rs1.000
and Rgo 0occ. Successive iterations are performed until a solution that satisfies a lowest
mean deviation (éM) from the experimental parameters is found. The iteration goes on
until it converges to a solution with eM orders of magnitude lower than the smallest output
resistance. Please note that multiple solutions may exist. Values presented here are the
ones used to fit data to model, which does not mean they are better than the other possible
solutions. In the particular case in which the resistance changes ARy ¢y = (uR3 - uR4)
and AR ow = (uR1 - uR2) are equal, as in Figure 41c, Rp — > oo (Rp becomes an open
circuit), and the SCTM model is simplified removing Rp. In this context, the equation
system derived from (3) becomes linear and also has multiple solutions. The algorithm
and the adopted procedures are better described in Annex A.

Despite being impossible to define a unique solution for the resistance parameters,
in the framework of Figure 41, we can determine directly from the equivalent resistance
histogram, Figure 41c, both resistances changes univocally, ARg; = Rs1.00¢ - Rs1.5mp
= uR3 - uR4 and ARgs = Res.occ - Rso. e = pR2 - uR4. Also, in this scenario, it
is possible to establish ranges (upper and lower bounds) for the resistance parameters.
Through this, for Figure 41c, we got ARg; = 3.5 K and ARgs = 10 K. From the
extracted parameters the experimental I-t curve (Figure 41a) was successfully fitted using
our model (Figure 41d) by the solution set Rp — > 00 K, Rg1. garp =48.5 KQ, Re1.0c0
=52 KQ, Rgo. garp = 60 K2, and Rgy o0 = 70 KS2.

In the next subsection the positive coupling amplitude effect is discussed.

6.2.2 Parallel Coupling Traps Model

The states of Tpy and Tpy also modify the filament resistances Rp; and Rp,. Let us
now assume T p; switches faster than T ps for analysis purpose. When T p, changes from
EMP state to OCC state, R ps increases. Consequently, the voltages on both Rp; and R psy
(VRp; and VR py, respectively) also increase. Therefore, the current deviation produced
by Tp; is impacted by Tp, activity and is more significant when Tpq is occupied. This
case can also be referred as positive coupling amplitude effect. The described behavior
has been experimentally observed in Ni/TiOy/Au devices, as shown in Figure 42a. Once
again a reversible current jump is presented, characterizing a RTN signal. The current
histograms and the four Gaussian means: p1, 2, 13 and p14, are shown in Figure 42b. The
positive coupling amplitude is verified because Al o = p2 - ul = 3.44 nA is almost five
times greater than Alg oy = u4 - 13 =0.69 nA. Considering the four well-defined current
states are associated to the applied voltage V and the possible states Rp1.0cc, Rp1.gap,

Rp2.0cc, and Rps garp, the current can be obtained from the system of equations derived
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from (8).

Figure 42 — (a) Experimental aRTN in a TiO, based sample under a constant 20 mV
applied voltage in HRS state. (b) Current discrete levels estimation. (¢) SCTM Current
Fitting and (d) Concurring equivalent resistances discrete levels for the same sample under

constant 20 mV and 30 mV applied voltages.
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The equation system derived from (8) is comprised of (9), (10), (11), and (12).
Reqoccjoce = pR1 = Rs + (Rpi.oce//Rp2.occ) )
Reqoccjoce = pR2 = Rs + (Rp1.gmp//Rp2.occ) (10)
Reqoccjoce = pR3 = Rs + (Rpir.occ//Rp2.emp) (11)
Reqoccjoce = pR4 = Rs + (Rpi.evmp//Rpo.evp) (12)

The equation system composed of the four possible states of (8) was numerically

solved to estimate the resistance parameters: Rp1 garp, Rpo prrp, Rp1.ocos and Rps oo
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Successive iterations were performed and the iteration goes on until it converges to a
solution with eM orders of magnitude lower than the smallest output resistance. In the
PCTM, the solution for Rg is unique, and the other ones have multiple solutions, being
possible to establish ranges (upper and lower bounds) for their values. Values presented
here are the ones used to fit data to model, which does not mean they are better than the
other possible solutions. The algorithm and the adopted procedures are better described

in Annex A.

From the aforementioned process we obtained two possible solution intervals. The
first interval is given by ARp; = (Rp1.occ/Rp1.emp) > ARpy = (Rpa.occ/Rpa.eap))s
which leads to eM = 1 nf2 and the solution set Rg = 809 K2, Rpi gpsp = 1.978 MS),
Rpi.occ = 745.242 M), Rps gavrp = 308 K2, and Rps oo = 1.558 MS2. The second
interval is given by ARps > ARp;, which leads to eM = 50 nf) and the solution set Rg
=809 K, Rp1 parp = 872 K2, Rp1.0cc = 1.55 M), Rpy parp = 384 KS2, and Rps oo
= 653 MS2. Even though a unique solution set is impossible, we remark that in this case,
ARp; and ARp,y present similar orders of magnitude in the two counterpart intervals.
From the extracted parameters the experimental I-t curve Figure 42a was successfully
fitted using our model (Figure 42c). Also, for the same sample the current was recorded
under 30 mV. Figure 42d presents a strong evidence that the same defects are active during

both measurements since the resistance oscillates between the same defined levels.

6.2.3 Temporary RTN

If the series trap resistance is significantly larger than the parallel branch under empty
traps, an apparent temporary RTN may be observed, as seen in Figure 43a. This can be
modeled by PCTM (39b) in the context that all the equivalent resistance levels are very
similar to Rg, except by R 1, which must be larger. To achieve that, Rg must be be orders
of magnitude larger than both empty resistances (Rpy gasp and Rps garp). Through this,
it is possible to estimate the parameters to build the I-t fitting curve, as presented in Figure
43b by the solution set: Rg = 1.82 M€2, Rp1 pprp =32 K, Rp1.occ =2.28 MS), Rps parp
=32 KQ, Rps.occ = 2.44 MS).

Also, considering that a series resistance branch drastically increases by trapping ac-
tivity, it may almost block the current flow through the whole branch. In this case a second
trap (eventually located downwards or upwards the branch) may have negligible effect on
current conduction. This may lead to an apparent transient RTN as presented in Figure
43c. This situation can be modeled by the SCTM (Figure 39a) in the context that uR4
(both traps are empty) are much smaller than the other resistances levels. Therefore, both
Rs1.0c¢c and Rgo oo must be orders of magnitude larger than Rg; gap and Rgo gasp.
Finally, in this same framework, but considering that a parallel resistance exists, i. e.,
Rp is significantly smaller than the serial branch under occupied traps, this may lead to

an apparent transient RTN as seen in Figure 43d. This situation can be modeled by the
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Figure 43 — (a) Experimental I-t curves measured in the Ni/TiOy/Au devices under V =
20 mV, in HRS. (b) shows the fitting of (a) using the PCTM. (c) and (d) Experimental I-t
curves measured in the Ni/h-BN/Au devices under V = 100 mV, in LRS. (e) shows the

fitting of (c) and (f) shows the fitting of (d) using the SCTM.
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SCTM (Figure 39a), in the context that both occupied resistances (Rg1.00c and Rgs.00c)
are orders of magnitude larger than Rp. Through this, it is possible to estimate the pa-
rameters to achieve the behavior of the aforementioned cases and to build the I-t fitting
curves, as presented in Figure 43e and Figure 43f by the respective solution sets: Rp — >
00 2, Rs1.ppp = 4.8 K2, Rg1.000 = 10 M€Y, Rgo parp = 18 KS2, and Rgo oo = 50 MS2;
Rp =172.5KQ, Rg1 pprp = 1.4 MCQ), Rg1. 000 = 15 M€, Rgo parp = 1.5 MSQ, and Rgo 00
=15 MQ2.

6.2.4 3-level RTN

Defect coupling has also been observed by other groups in the context of 3-level RTN.
These results from the literature will be here discussed in this section under the framework
of the proposed trap coupling electrical model.

Such behavior appears in PUGLISI et al. (2016), in which a RTN with 3 different well-
defined levels was obtained (see Figure 44). This behavior is not explained by traditional
multilevel RTN definition, as discussed in Chapter 4. In PUGLISI et al. (2016), this
measurement is modeled by charges diffusion resulting in a physical interaction between
oxygen vacancies (Vo) and neutral oxygen interstitial (NOI). The assumption is that the
activity of a fast defect, such as Vo, could be suddenly interrupted by a Coulomb blockade
effect, caused by the occupied NOI. We show that this behavior can also be modeled by
a simple series trap arrangement, such as presented in Figure 39a. In this case, Level 1
can be the result of a negative coupling, i.e., the amplitude of a trap (AI) decreases if if a

neighbor trap is occupied.

Figure 44 — Experimental Anomalous RTN in a HfO, based sample under a constant 60

mV applied voltage.
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The equivalent resistances (Req), measured between the top and bottom electrode,
are obtained by the relation between the applied voltage and the current levels presented
in Figure 44: Ignp/pvp = 3.9 pA, lpypjoce = 3.8 pA, locoyemp = 3.56 pA, and
Ioccjocc = 3.55 pA. The equation system composed of the four possible states derived
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of (3) is numerically solved. Please note that multiple solutions exists. In Table I, two
examples of solution sets are presented. Even though a unique solution set is impossible,
we remark that in this case, Rg2.0c¢ 1s always orders of magnitude larger than Rp, which
always converges to a similar value that corresponds to the higher equivalent resistance
level, related to Level 1 (Figure 44). Values presented in Solution 1, with a mean error
eM= 100(2, are the ones used to fit data to model, which does not mean they are better

than other possible solutions.

Table 1 — Solution Parameters for 3 level RTN measuered in HfO,-based sample.

Parameter | Solution 1 | Solution 2
Rp 17 KQ 17 KQ
Rsi.emp 102,7 K2 149 KQ
Rsi.0co 160,0 K2 | 209 K2
Rso.envip 57.9 KQ 12.9 K2
Rs2.0cc 1.75MQ | 2.42 MQ2

From the extracted parameters it was possible to plot the current-over-time fitting
curve, Figure 45, that corresponds, in terms of amplitude fluctuation, to the experimental
data observed in Figure 44. Notice the data in this analysis was obtained from the liter-
ature; hence, the time constants of the fitting current had to be arbitrarily approximated
considering a fitting standpoint and assumed to be in an exponential distribution, making

T2 emission/capture time constants (165 ms/ 66 ms) greater than Tg; ones (3 ms/ 16 ms).

Figure 45 — Series Coupled Traps Model Current Fitting that corresponds, in terms of

amplitude fluctuation, to the experimental data observed in Figure 44.
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A similar behavior is also exemplified by a measurement presented in GONG et al.
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(2018) for a TMOx-based resistive switching memory (TMOxRAM), shown in Figure
46a. In this case, however, a positive coupling amplitude effect is verified, since the
current fluctuation in the higher level, AIl = 7 nA, is more significant than the current
swings in the lower level, AI2 =4 nA (see Figure 46b).

Similarly, the estimated equivalent resistances states values are obtained by the rela-
tion between the applied voltage and the well-defined current levels approximated in Fi-
gure 46: Ipnrp/evp = 3.1 0A, Ipypoce = 2.8 1A, locc/evp =2.805 nA, and Iocc/occ
= 2.1 nA. The equation system composed of the four possible states derived of (8) is nu-
merically solved. Please note that, again, multiple solutions exist. Values presented in
the Solution 1 of Table II, with a mean error eM = 1 uf), are the ones used to fit data to
model, which does not mean they are better than the other possible solutions. From the
aforementioned process, we obtained two possible solution intervals: one showing AR p;
= (Rpr.occ/Rp1.evp) > ARpy = (Rpa.occ/Rpa2.enp)) and other considering ARpy >
ARpy. Even though a unique solution set is impossible, we remark that in this case, AR p;
and AR p,, present similar orders of magnitude in the two counterpart intervals. Also, the
algorithm always converges to the same Rs. From the extracted parameter it was possible
to plot the I-t fitting curve, see Figure 47, that corresponds in terms of amplitude fluctu-
ation to the experimental data observed in Figure 46 making T py emission/capture time

constants (165 ms/ 66 ms) greater than Tp; ones (3 ms/ 16 ms).

Figure 46 — (a) Experimental Anomalous RTN in a TMOxXxRAM-based sample under a

constant applied voltage of 100 mV and (b) the respective current discrete levels.
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Table 2 — Solution Parameters for Anomalous RTN in a TMOxRAM-based sample.

Figure 47 — Parallel Coupled Traps Model current fitting that corresponds, in terms of

Parameter | Solution 1 | Solution 2
Rs 2.61 MQ2 | 2.61 MQ)
Rpievp 1.74 MQ2 963 kS
Rpioce 4.46 GX) 5.15 MQ
Rpopup 957 K2 1.72 M2
Rp2.0ce 2.15 MQ2 2.63 GQ2

amplitude fluctuation, to the experimental data observed in Figure 46.
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7 GIANT RTN

In this chapter, a novel observation of giant random conductance flutuations in MIM-
like RS devices is presented. These fluctuations of up to 3 orders of magnitude strongly
resemble RTN in RS devices based on TiO,, HfO, and hexagon boron nitide (h-BN) under
reading voltages (~ 0.1 V). These events appeared reproducible for all the aforementioned
RS device types in sequential measurements and under different bias conditions. This
behavior is very beneficial to ensure recognition of the device’s two-state in applications

such as stochastic computing integrated circuits (ICs).

Initially, we set the Ni/TiOs/Au devices using a current compliance (CC) of 30 uA,
and the conductance over time was recorded for 2000 seconds. As Figure 48 shows, the
conductance swings multiple times by 3 orders of magnitude between two well-defined
levels in consecutive measurements (blue, black and yellow, respectively) under a constant
bias of 200 mV, for Device 1, and by tuning the applied voltage, for Device 2, under 100
mV (in blue) and 50 mV (in black and green). This consistent behavior indicates that the
same structure and the same defects exist during all measurements for the same device.
Also, monitoring the conductance magnitude at its higher conductance level (HCL), we
remark that their maximum and stable value, 150 uS for Device 1 and 140 uS for Device
2, are higher than the Quantum Conductance constant, Gy = 77.5 S, highlighted with
the horizontal dashed red line in Figure 48 (LONG et al., 2013; ZHU et al., 2019). This
is a strong evidence that the charge transport in HCL is produced by the formation of an
effective conductive nanofilament (CNF) across the TiO, film, and that during the least

conductive level (LCL) the filament is interrupted.

So far, all the RTN current signals across MIM-like devices did not exhibit reversible
conductance fluctuations of orders of magnitude for HCL > G at reading voltages (AM-
BROGIO et al., 2014; IELMINI; NARDI; CAGLI, 2010; RAGHAVAN et al., 2013;
PUGLISI et al., 2018; YI et al., 2016). It is important to remark that observations of
fluctuations of the order of Gy were already presented (Raghavan et al., 2013 and Yi et
al., 2016). In such cases, however, the substantial conductance variations (> 20 %) hap-
pened in the range of ten nanoamperes (RAGHAVAN et al., 2013), which correspond to
a HCL in the order of 100 nS for the applied reading voltage: 0.1 V; and the conductance
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jumps presented in Y1 ef al. (2016), in reading operation, do not present a RTN behavior,

1.e., reversible jumps of conductance.

Figure 48 — Giant experimental conductance fluctuation in TiO, based samples, Device 1,
under a constant applied voltage of 200 mV and, Device 2, under 100 mV (in blue) and 50
mV (in black and green) reading voltage. The HCL in each measurement is reproducible

and surpasses the Gy magnitude (in red).
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In Figure 49a, we present the typical conductance behavior for a HfO,-based sample,
under 25mV (in blue) and 100 mV (in orange) bias voltages. After imposing a SET
with CC = 100 pA, the curves demonstrate the giant conductance fluctuations between
the same well-defined levels, several times, for both applied voltages. The HCL, 826.7
1S, measured in Figure 49a also surpasses Gy. The behavior presented in Figure 49a
was reproducible and the extracted time constants required to swing from HCL/LCL to
LCL/HCL fit well with an exponential distribution, as presented in Figure 49b and Figure
49c. The average values of the emission times (7.) for the 25 mV and 100 mV curves are
550 ms and 517 ms, respectively, and the average values for the capture times (7..) for the
25 mV and 100 mV curves are 115 ms and 46.7 ms, respectively.

A corresponding behavior was also recorded for h-BN-based samples. In Figure 50a,
we exemplify the conductance behavior for a h-BN-based sample, under 50 mV and 200
mV. After imposing a SET with CC = 10 pA, the curves demonstrate that the conductance
oscillates and recovers to the same well-defined higher-level, several times, under both ap-
plied voltages. The behavior presented in Figure 50a was reproducible and the extracted
times constants fit well with an exponential distribution, as expected for RTN capture and

emission times (Kirton and Uren, 1989). We performed two additional consecutive mea-
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Figure 49 — (a) Giant experimental conductance fluctuation with reproducible HCL,
recorded for a HfO, based sample under 25 mV and 100 mV applied voltages. b) Dis-
tribution of the emission times (7.) for the RTN signals displayed in panel (a), and c)

distribution of the capture times (7.) for the RTN signals displayed in panel (a).
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surements under 50 mV, in the same sample that displayed the same conductance levels,
which are not shown in Figure 50a, in order to obtain sufficient transitions to estimate
7. and 7.. The average time to emit (7.) for the 50 mV and 200 mV curves are 24.3 ms
and 22.7 ms (respectively), Figure 50b, shows that the average time to capture (7.) for
the 25 mV and 100 mV curves are 42.7 ms and 10.2 ms (respectively), Figure 50c. Re-
garding the current compliance, we did not find any correlation between this parameter
and the RTN amplitudes. We have also measured giant conductance fluctuations in h-BN
samples surpassing Gq up to 2 orders of magnitude, illustrated in Figure 51. Considering
this behavior has been recorded for three different switching materials, we show this is
a quite general phenomenon and this significant on/off ratio at reading voltage is repro-
ducible and beneficial to ensure recognition of device’s two-state in applications such as

stochastic computing ICs.

In RAGHAVAN et al. (2013), the conductance fluctuations are explained in two dif-
ferent regimes: the surface-relaxation model (IELMINI; NARDI; CAGLI, 2010; AM-
BROGIO et al., 2014; PUGLISI et al., 2018), normally used to describe RTN in the low
resistance state (LRS), and by the geometrical modification of the conductive filament
(CF) by defect displacement. We adopted the surface relaxation model to qualitatively

explain our results, as it is very unlikely that a significant number of atomic displacements
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Figure 50 — Giant experimental conductance fluctuation with reproducible HCL, recorded
for a) a h-BN based sample under 50 mV and 200 mV applied voltages. b) Distribution of
the time intervals at low current state (7.) for the RTN signals displayed in panel (a), and
¢) distribution of the time intervals at high current state (7.) for the RTN signals displayed
in panel (a).
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Figure 51 — Giant experimental RTN in a h-BN based sample under a constant 50 mV
applied voltage, afer SET with CC = 10 pA. The HCL of 5.7 mS is reproducible and

surpasses the Gy magnitude (in red).
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would reproduce, several times, the same measured HCLs, especially in the context of Fi-
gure 49 and Figure 51, where the reported HCLs are orders of magnitude larger than Gy.

Also, the exponential distribution of time constants, presented in Figure 49 and Figure
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50, is a strong indication that the described behavior correspond to trapping-detrapping
of electrons (KIRTON; UREN, 1989). The model accounts for a partial or total deple-
tion by defect relaxation at the CF surface, and elucidate the size dependent RTN in NiO
RRAM (IELMINI; NARDI; CAGLI, 2010), Cu-based RRAM (SONI et al., 2010), HfO,,.-
RRAM (AMBROGIO et al., 2014; PUGLISI et al., 2018) and the resistance drift in GeS,
CBRAM (CHOI et al., 2012). However, in these studies, conductance fluctuations of
orders of magnitude do not appear when HCL > Gy. These cells share the localized
transport in the nanoscaled CF, which governs the switching mechanism in our measured
samples.

Our observations occur all after SET, so we assumed a simplified cylindrical CF with
length L and diameter D, resulting in a CF resistance R = pL/Seff;r, where p is the
filament bulk resistivity, and Seff;; is the CF cross-section in a uniform filament (see
Figure 52a). For the h-BN samples, at the device level, using compliance currents in the
(1A-mA range, the CF is inferred to be metallic in nature due to ion migration from the ac-
tive electrode (Ranjan et al., 2018). Also, our TiO,- and HfO,-based samples displayed a
non-polar behavior, which is also related to the metallic filament characteristic (LIN et al.,
2011; CORTESE et al., 2016). Through this, as the active metal electrode of the measured
samples is composed of Nickel, we consider its resistivity value of 250 p.€2.cm that was
found for small Ni nanowires, with diameters between 12 nm and 16 nm (DAVYDOV
et al., 1998), knowing that for thinner filaments the resistivity should be even higher.

The aforementioned measurements are consistent with the fully depleted filament by
the surface defect (see Figure 52a), thus obeying the bulk model of resistance change,
AR, with AR ~ R and the effective cross-section change, AS, being similar to Seff;
(Ielmini et al., 2010). In this case, the filament diameter, D, is consistent with a Debye
length, \p, describing the screening in a CF, given by the equation \p = (¢kTq~2n~1)!/2,
where € is the CF dielectric constant, k is the Boltzmann’s constant, T is the temperature,
q is the elementary charge, and n is the carrier density. In TiOy and HfO,, the dielectric
thickness is L = 5 nm, whereas in h-BN samples it is L = 4 nm. Assuming a relative
dielectric constant of 27 for HfO,, 60 for TiO,, and 3.8 for h-BN (HUANG et al., 2013;
VENICA et al., 2016) and n = 1x10' cm™3 the \p are estimated considering: i) for TiO,:
S =1.85x10"® m?, D = 1.53 nm, and \p = 2.79 nm; ii) for HfO5: S = 1x107" m?, D =
3.63 nm, and \p = 1.87 nm; and (iii) for -BN S =4.26x10" m?, D =0.8 nm, and \p =
0.7 nm. The estimated D and A\ have similar orders of magnitude.

Finally, giant RTN fluctuations characterized by relative conductance variations of up
to 50 % clearly point to the existence of weak links with small effective cross-sectional
areas (Seffyy ) along the conducting paths (SONI e al., 2010). Thus, the model is also
applied to distinct filament arrangements, fully depleted by a defect activity in the vicinity
of its weaker (narrow) part, Seffyy -, with similar magnitude to Seff;;; in thinner cylindri-

cal filaments, as presented in Figure 52b.
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Figure 52 — Trapping activity in the vicinity of a filament, in LRS, which locally reduce
or increase the CF’s conductivity, by a Coulombian screening effect a) in an uniform

filament and b) in the thinner section of a filament.
a) Uniform filament b) Weak filaments
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8 FINAL REMARKS

In this work, the electrical characterization and modeling of MIM-like RS devices is
carried out. Investigation of device behavior is performed including resistive switching
memories based on metal oxides (TiO,- and HfO,-based samples) and on two-dimensional
(2D) material (h-BN).

In this context, the simplest possible electric model that captures the essence of defect
coupling in a percolation path is presented. This minimalist model correctly reproduces
the experimental observations and many common data in the literature. The model refines
the understanding of RTNs in MIM-like RS devices, asserting the existence of a coupling
effect among multiple traps.

Additionaly, it is demonstrated that if there are multiple traps along conductive fila-
ments connecting top and bottom electrode, coupling may be observed. Different conduc-
tive filaments may be arranged in parallel or in series, due to percolation paths. Traps near
these conductive filaments may result in positive coupling effects (Al o > Algrag) if
filaments affected by traps are in parallel with each other, or negative coupling effects
(Algrar > Alpow) if the filaments affected by traps are in series with each other. Ex-
perimental RTN traces from RS devices with Ni/TiOy/Au and Ni/h-BN/Au were correctly
predicted by the proposed model.

Also, the presented models correctly describe others non-standard RTN patterns, such
as Temporary RTN and 3-level RTN, which are extensively reported in the literature.
Furthermore, it was also shown that the modeling framework developed is not restricted
to the case of two traps and MIM-like RS devices. Anomalous RTN reported in MOSFET
and FinFET devices also fit with the modeling assumptions.

In addition, a novel observation related to RTN in MIM-like RS devices is presented,
asserting the occurrences of unusual transitions among conductance states that differ by
several orders of magnitude , i.e. when small voltages are applied (~ 0.1 V). This phe-
nomenon was measured after SET in h-BN-, TiO,- and HfO,-based samples. We verified
multiple transitions which have similar characteristics to RTN.

Also, to model the measured Giant RTN signals we adopted an abstraction of Ielmini

Relaxation Model (Ielmini et al., 2010), presenting the situation where the CF is cylindri-
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cal. The model is still valid for filaments with different shapes, since the Debye Length
correspond to the effective cross section of the filament, i.e., the weak links with small
effective cross-sectional areas (Seffy ) along the conducting paths.

Overall, the measured data from three different MIM-like RS devices provide strong
support for the proposed model. The methodology presented in this work can be ap-
plied to study RTN in traditional MOSFETS, emerging technologies (such as MIM-like
RS devices) and advanced CMOS technologies (such as FinFETs). Finally, our findings
represent a big step towards the manufacturing of stochastic ICs based on RTN signals,
having important implications in the field of post-silicon electronics.

Future works include to extend the model presented in Chaper 6 embracing the trap
coupling effects on the defects time constants. Also, a detailed discussion regarding the
correlation between the giant RTN amplitudes presented in Chapter 7 and other parame-

ters (e. g., the SET current compliance) can be investigated.
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ANNEX A TRAP COUPLING MODEL SOLUTIONS

A.1 Series Coupling Model (AIHigh > AILow)

As discussed in Subsection 6.2.1, the equation system derived from (3) is comprised

of the equations described below:

pR1 = (Rgy ooc + Rs20cc)// Ry

pR2 = (Rgy pyp + Rs2o0cc)//Rp

pR3 = (Rgy ooc + Rsapmr)//Rp

pR4 = (RSI.EMP + Rsammp)//Rp
Defining AR = ARHigh - ARLow = (uR3 - yR4) - (uR1 - uR2):
AR =

(Rs1.00c + Rsommp) - By (Rgypyp + Rs2pmp) - Iy
(Rs1occ t Bs2pup) + By (Rgy oo + Rs20cc) + Ry

_ Bsiocc+ Rsnoce) By | (R pyp+ Rszocc) By
(Rs10occ t+ Rs2occ) + By (Rgy pyp + Rs20c0) + Ry

AR =
(Rs100c + Rs2ammp)  (Rg pup + Rs2mmp)
(RSLOCC-I;pRszEMP) +1 (Rs1.occ;pRsz4occ) + 1

R, (Rgy pcc + Rs2.0c0) n (Rgy pyp + Rs2.o0cc)

R. (Bsi.0cct Rs2.0cc) (Bg1 pupt Rs2.0cc)
P R, +1 R, + 1

If Rp — oo (an open circuit), so: AR = [(Rs1.0cc + Rso.emp) — Rs1.pmp +

Rs2. empl — [Rsi.occ + Rs2.0occ) — Rsi.emp + Rsa.0cc)] — 0. And the equation

system is simplified as follows:
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pR2 = (Rgy pyp + Rs2occ)

/J,RB = (RSLOCC + RSQ‘EMP)

phtd = (Rgy pyp + Rs2.mmp)

This equation system can be expressed in terms of a linear matrix system:

Rsi.emp Rsiocc Rsaemp Rs2.occ ResistanceLevel
0 1 0 1 LRl
0 1 1 0 R2
0 1 1 0 LR3
1 0 1 o || R4 |

The matrix has determinant D = 0, which means that this equation system has infinite
solutions. Thus, when AR = ARHigh - ARLow — 0, which is the case in the mea-
surement presented in Figure 41, then Rp — oo. Also, in this scenario, it is possible to
establish ranges (upper and lower bounds) for the other parameters. By defining ARg;
= Rs1.0cc — Rs1.emp and ARgy2 = Rs2.0c0 — Rs2.emp, the boundaries are: Rg1 garp
= [0 to uR2], Rg2 P = [0 to uR3], Rs1.00c = [ARg; to pR2], and Rsz. 0cc = [ARgy
to #R3]. In Figure 41c, we got ARg; = 3.5 k2 and ARy, = 10 k€2, uR2 = 118.5 k¢,
and pR3 = 112 k€). Thus, the possible solution ranges are Rg; gpp = [0 to 118.5] k€2,
Rso. e = [0 to 112] k€2, Rg1.00c = [3.5 to 118.5] k€2, and Rgs.0cc = [10 to 112] k€.
Considering this, the experimental I-t curve (Figure 41a) was successfully fitted using our
model (Figure 41d) by the presented solution set: Rp — > oo K2, Rgy. gprp = 48.5 K(,
Rs1.0c0 =52 KQ, Rgo. garp = 60 K2, and Rgs oo = 70 K.

From this, when ARHigh # ARLow, as shown in the fit of Figure 43f, we indicate
the presence of a parallel path (i.e., Rp is finite and equal to 172,5 k{2).

Considering the case where a resistance branch increases drastically due to trapping
activity, it may also completely block the current flow through the entire branch. In this
case a second trap (eventually located downwards or upwards the branch) may have negli-
gible effect on current conduction. When the activity of both traps significantly increases
the resistance of a branch, this situation can lead to the apparent transient RTN shown in

Figure 43c. In this case, uR1, uR2 and pR3 >> pR4. This condition can be expressed
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mathematically as follows:

_ 1 1 \-1 _ 1 1 \-1 _
’uRl o (RSLOCC‘FRSQ‘OCC + RP) ’ /LR2 (RSI.EA4P+RSQ4OCC + RP) , and MR3
1 1 3\—1 _ 1 1 \—1
(RSLOCCﬂ-RszEMP + RP) >> ’uR4 (R31,E1\4P+R524E1\/[P + RP)

As pR1, pR2 and ¢R3 must be large, so does Rp. Thus, the condition can be simpli-
fied as follows:

1 —1 1 —1 1 —1 1 —1
(Rs14occ+Rs2.occ) > (Rs1.EMP+Rszocc) > (R31.occ+RszEMP) >> (Rs1.EMP+RszEMP)

Thus, (Rs1.occ+Rs2.0cc), (Rsi.emp+Rs2.0c0), (Rs1.occt+Rs2.evp) >> (Rs1.mp+

RSQ.EMP)-

As p©R4 must be much lower than the other resistance levels, then Rgs; occ and
Rgso.0cc must be orders of magnitude greater than Rgy pyp and Rgo parp. Conside-
ring this, the experimental I-t curve (Figure 41c) was successfully fitted using our model
(Figure 41e) by the presented solution set: Rp — > 00 , Rg1.gpp = 4.8 K€, Re1.0cc0
= 10 M, Rgo. grrp = 18 K2, and Rgo.0cc = 50 MSQ.

In the measurement presented in Figure 43d, all the current levels have the same order
of magnitude, but uR1 ~ uR2 ~ ;R3 > R4, which means that the 3 occupied resistance
levels are very similar and larger than R4 (when both traps are empties). This condition
is expressed mathematically as follows:

pR1 = ( ; + )7 A pR2 = ( . +45) 7~ uR3 =

Rsi1.0cc+Rs2.0cc Rs1.Emp+Rs2.0cc Rp

( ! + )7t > R4 = ( n + )7

Rsi1.ocot+Rs2.emp Rs1.Emp+Rs2.EmP

1
Rp

pR4 it is mandatory that (Rs1.0cc + Rs2.00¢)s (Rs1.emp + Rs2.0cc) and (Rs1.occ +
Rso.pyp) >> Rp and, at the same time, Rp ~ uR1 =~ uR2 ~ uR3, as in the solution set
used to fit data to model in Figure 43f: Rp = 172.5 K2, Rg1 pprp = 1.4 M, Rg1.000 =
15 M, Res. garp = 1.5 M€, and Rgo.0cc = 15 MXQ.

The term is common in all parameters. Thus, to satisfy uR1 ~ uR2 ~ pR3 >

A.2 Parallel Coupling Trap Model ( AILow > AIHigh)

The solution analysis consists of numerically solving the non-linear equation system

derived from (8) described below:

,U,Rl = RS + (RSLOCC//RSZOCC)
pR2 = Rs + (Rgy pyp// Rs2.0cc)

,uR3 = RS + (RSI.OCC// RSQ.EMP)
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pR4 = Rs + (Rgy parp// Rs2.emp)

In this scenario, the Rg parameter must be greater than 0 €2 and smaller than yR4,
which is the lowest discrete resistance level estimated by (%) To find the possible so-
lution sets, considering the measurement presented in Figure 42, the presented equation
system was numerically solved by entering in the algorithm a multitude of different ini-
tial guesses (x0). The fluxogram of this algorithm is described in Figure 53. Considering
the measurement presented in Figure 42, successive iterations are performed to estimate
the possible parameters values or intervals. We analyzed the solution histograms of 1000
estimated output resistances. For all these 1000 cases, the mean error of the equation
solution was lower than 0.1 €2, which means at least 5 orders smaller than the lowest re-
sistance parameter estimated. We note that Rg is very stable in all solutions sets, showing
no variation in its order of magnitude, while the other parameters presented two possible
ranges of solutions. From this analysis, we determine Rg = 809.037 k(2, and two groups
of solution sets; ») for: Rp; pvp = [800 k2 to 1 MQ]; or [1.8 M2 to 2 MQ],, Rpapmp =
[380 k€2 to 390 k2], or [300 k2 to 310 kQ]», Rpj.occ = [10%¢ Q to 1056 Q]; or [10%6 O
to 10%5 QJ,, and Rp; occ = [105¢ © to 10%¢ Q]; or [10°¢ Q to 1056 Q.

Figure 53 — Flowchart of the implemented algorithm to found possible solutions sets of

the equation system that describes the PCTM model.

Ordering minor
erro solutions

Rs = rand|[0; uR4];
x0 = rand[0; m*uR1]
m is an arbritary constant
s = number of desired
solution sets

To solve the linear
equation system.
MATLAB
(FSOLVE)

Source: The Author.

Even though is impossible to found a unique solution set, we remark that in this case,
ARp; = (Rp1.occ/Rpi.pyp) and ARps = (Rpo.occ/Rp2.grarp) presented similar orders
of magnitude in the two counterpart intervals, characterizing the two ranges of possible
solutions, as shown in Figure 54.

Finally, we explore the analysis of the temporary RTN signal presented in Figure 43a.

In this context, all current levels have the same order of magnitude, but uR1 > pR2 =~
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Figure 54 — The logaritm ratio between the occupied and empty states for both resistances
parameters (Rp; and Rps), considering 30 possible solutions that fit the model to the

experimental data measured in Figure 42.
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Source: The Author.

1R3 ~ pR4. This condition is expressed mathematically as follows:

_ 1 1 —1 _ 1 1 —1 ~
’uRl o <RPLOCC + RPoncc) + RS > ’MRZ o (RPLEMP + RPQAOCC> + RS ~ MR?’
(g 4 ) 4 Ry A pRe = (ke + L) ¢ Ry,

Rpi.occ Rpa Emp Rp1.EMmP Rp2 Emp

To satisfy those conditions, it is mandatory that ( RPllEMP + szlocc )7L, (m

RP2.1EMP)_1’ and (RPLIEMP T RP2,1EMP>_1 << Rs, 50 Rs &~ uR2 ~ uR3 ~ R4, as in
the solution set used to fit data to model (Figure 43b) of the measurement presented in
Figure 43a: RS =1.82 MQ, Rpl.EMp =32 KQ, RPl.OC’C’ =2.28 MQ, RPQ_EMP =32 KQ,

Rpa.occ =2.44 MCL.




