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Abstract

Complementary metal-oxide-semiconductor(CMOS)-based von Neumann architec-
ture suffers from intrinsic power and speed inefficiencies, due to the data transfer
between processor and the memory unit. This is commonly addressed as von Neu-
mann bottleneck. The processing of the huge amount of information collected with
big data requires the transition to novel computing paradigms and architectures,
such as bioinspired computing. It relies on memristor technology which allows to
co-locate the storage and the processing of data while ensuring low-cost fabrication
and high-density of integration. Among the most promising memristive candi-
dates for building future artificial neural networks (ANNs) there are redox-based
valance-change mechanism (VCM) resistive random-access memories (ReRAMs).
They gained interest for the large amount of distinguishable resistance levels achiev-
able as well as for their scalability. Symmetry, linearity and stochastic nature of
the weight update are the major challenges towards their adoption in neuromor-
phic systems. Stacking a conductive metal oxide (CMO) on top of the insulator
layer represents a simple and cost-effective way to solve these issues. However, the
switching mechanism in this novel stack configuration, as well as the role played by
the CMO, is not fully understood, thus limiting the improvement of device perfor-
mances.

In this master thesis work a CMOS-compatible ReRAM with substoichiometric
tantalum oxide (TaOy)/hafnium oxide (HfOs) bilayer sandwiched between tita-
nium nitride (TiN) electrodes is presented. To meet the challenging requirements
of CMO materials, the parameters of the TaO, sputtering deposition are carefully
controlled. The chamber and target conditions revealed to be fundamental for the
reproducibility of the TaO, films. The electrical conductivity of the layer can be
finely tuned by means of the pressure, while keeping constant and low the DC
power and the oxygen (O2)/argon(Ar) flow ratio. Material properties are inves-
tigated through Grazing Incidence X-ray Diffraction (GIXRD), X-ray Reflectivity
(XRR) and Circular Transfer Length Method (CTLM).

Extensive quasi-static and pulsed electrical characterization have been conducted to
assess the performances of the bilayer ReRAM devices, as well as to understand the
impact of the CMO conductivity and thickness on the device switching. ReRAM
devices embedding a 20 nm thick CMO with sheet resistance Rg,~90 k2 /] showed
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that a remarkable linear, symmetric and analogue weight update can be reached
by sacrificing the dynamic range to roughly a factor 3.

Impedance Spectroscopy technique was employed to model the switching mecha-
nism in the bilayer ReRAM devices. By analyzing the equivalent circuit used to
describe the device in the different states, the role of the filament and of the defect
induced leakage resistance in the TaO, were decoupled.
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Chapter 1
Introduction and Motivation

This chapter is intended to explain the reader the main motivations behind this
master thesis work. First, an overview of the main memristive technologies for im-
plementation in future computing paradigms is presented. Then, among these tech-
nologies, we will focus on resistive switching random-access memories (ReRAMs)
that are our chosen candidates for this development and optimization work. The
strengths, as well as the limitations of this technology, will here be explained.
Finally, we give an insight into bilayer structure devices already presented in liter-
ature, to identify the major path pursued to improve ReRAM issues and we will
propose our adopted strategy.

1.1 Memristive devices for novel computing ar-
chitectures

Nowadays computing systems rely on the complementary metal-oxide-semiconductor
(CMOS)-based von Neumann architecture, in which data buses are used for the con-
nection between the processor and the memory part of the system. However, this
kind of architecture suffers from intrinsic power and speed inefficiencies because of
the different rate at which the performances of the two parts of the system (the
processor and the memory) have improved. The delay caused by this performance
difference is called von Neumann bottleneck and it gets even worse when the huge
amount of information collected with big data must be processed [1][2][4]. In 2018,
the International Roadmap for Devices and Systems (IRDS) stated that the con-
ventional computing architecture is expected to reach is performance limit by 2024
[1]. This is mainly attributed to three "walls": memory wall, related to reliability
issues in the non-volatility at extremely small technologically nodes; Moore’s law,
since scaling is encountering its lowest bound; and heat wall, which is related to
the tremendous amount of energy required by edge computing products [1][3]. A
transition to novel computing paradigms and architectures based on in-memory
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Introduction and Motivation

computing, bioinspired computing and better memory storage is hence strongly
required to feed the needs of big-data analysis and low-power intelligent systems.

Moore's law
Memaory wall

Figure 1.1: Alternative computing solutions towards future computing in order to
overcome the limitations of conventional computing systems [3].

@) () b) — —
—\\\—e o—l |—o ar IR 1
Resistor :,é; Capacitor 2 TIOZ
dv = Rdi = dg = Cdv —_ — Pt 1
3 o) S P
> dq = idt q =
d ' 5 0
0o | oo E 7
Inductor Memristor 0_2 B T
dp = Ldi dp = Mdg
o
A i —4 - -
P\ 7 €
u Memristive systems 1 n . 1
-1.0 0.0 1.0
Voltage (V)

Figure 1.2: a) Schematic representation of the four fundamental two-terminal cir-
cuit elements: resistor, capacitor, inductor and memristor. b) Pinched I-V charac-
teristic of Pt/TiO,/Pt memristor [6].

In this direction, memristor (abbreviation for memory resistor) technology is con-
sidered a very promising candidate to drive the new computing era for its low-cost
fabrication and high-density of integration [1][3][4]. This device was firstly proposed
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1.1 — Memristive devices for novel computing architectures

by Chua [5] in 1971 as the fourth fundamental circuit element. In [5], the basic
mathematical relationship between charge and the flux through the memristance
M is derived (d¢ = Mdq) and the current versus voltage (I-V) pinched hysteresis is
demonstrated. However, only in 2008 Strukov et al. [6] reported the experimental
observation of a typical I-V characteristic of a memristor in a metal/oxide/metal
device (see Figure 1.2(b)), in which the metal layer is platinum (Pt) and the oxide
layer is a 5 nm thick titanium dioxide (TiO,).

Memristors store data as a resistance state unlike in conventional memory tech-
nologies, such as flash, Dynamic Random-Access-Memories (DRAM) and Static
Random-Access-Memories (SRAM), in which information are stored as amount of
charge in a capacitor. In particular, memristors can be switched between a low
resistance state (LRS) and a high resistance state (HRS) by applying an electrical
stimulation. A variation of resistance from HRS to LRS is called SET transition,
whereas a RESET one occurs if the device is switched from LRS to HRS. The
ratio between HRS and LRS is usually referred as On/Off ratio, memory window
or dynamic range. Other important device properties are the endurance, which
is defined as the maximum number of cycles to reliably switch between LRS and
HRS, and the retention, which is the time after which the stored data is lost [1].
The main types of two-terminal memristors are:

a) Resistive switching memristors are usually based on a dielectric layer sand-
wiched between two electrodes. The switching mechanism relies on redox-
based ion-migration in the dielectric, which can be oxygen vacancies in the
case of devices based on valance-change mechanism (VCM), or active metal
cations belonging to the metal electrodes for devices based on electrochemical
mechanism (ECM). In general, these devices are called ReRAM even if a more
specific name can be associated to each technology. Indeed, anion-based oxide
random-access-memory (OxRAM) can be used to refer to VCM-type devices,
while those relying on ECM are often called cation-based conductive bridge
random-access-memory (CBRAM) [2].

b) Phase change memristors present different resistance states due to amorphous
to crystalline phase transitions induced by Joule heating. Initially the device is
characterized by an amorphous state, which is associated to the HRS because
of the lack of electron density. Letting a current passing through a metal
heater, the amorphous material is locally heated up to a temperature above
the crystallization one. Hence it is locally melted and when it cools down, it
crystallizes thus resulting in a localization of charge carriers that define the
LRS in the device. The phase change material can be amorphized again by
increasing its temperature usually above 1000 K through Joule heating effect.

¢) Spintronic devices can rely on different effects. In particular, spin-based de-
vices relying on giant magnetoresistance are made by two ferromagnetic layers
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separated by a non-magnetic one. The resistance state is changed by the appli-
cation of an external magnetic field which orients the polarization in the ferro-
magnetic layers in a parallel (LRS) or anti-parallel (HRS) way, thus favouring
or not the motion of electrons having the same polarity of the magnetization.
Another effect that can be exploited in spintronic devices is the Spin-Transfer
Torque (STT) effect, which is based on modifying the magnetization of the
ferroelectric layers by a spin-polarized current. Figure 1.3(c) shows a device
relying on the Spin-Orbit Torque (SOT) effect. In this case the device stack
is made by a heavy metal layer, a ferromagnetic film and an antiferromag-
netic one. The magnetization of the ferromagnetic layer, and hence the device
state, is defined by the spin angular momentum exerted by the accumulation
of electrons at the interface between the heavy metal and the ferromagnet due
to the in-plane current flowing in the heavy metal layer.

d) Ferroelectric Tunnel Junction (FTJ) devices are based on an insulting layer ex-
hibiting ferroelectric properties which is placed between two metal electrodes.
The state variation is based on modulating the flux of electrons through the in-
sulator ultrathin energy barrier by reversing the ferroelectric polarization. The
main effect that governs these systems is the giant tunnel electroresistance one.

a) Resistive | b) Phase
Switching Change

c) Spintronic ' d) FT)

Figure 1.3: Main types of two-terminal memristors: resistive switching (a), phase
change (b), spintronic (c) and FTJ (d). Adapted from [1].
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Memristor technologies offer the possibility to co-locate the storage and the pro-
cessing of data [2][4]. They can be densely packed in a crossbar array (CBA) ar-
chitecture as it is shown in Figure 1.4. CBA architecture allows hence to overcome
the CMOS scaling limit since emerging technologies do not show deterioration with
size reduction [1]. Moreover, such architecture can be integrated on top of a CMOS
chip because of its fully compatibility with backend-of-the-line (BEOL) process,
hence enabling a further architecture enhancement. Although CBAs can be used
for densely store huge amount of data or to perform logic-in-memory computations,
neuromorphic computing systems represent surely the most fascinating perspective.
It is from the biological inspiration of the brain connections that low-power and
high-performance artificial neural networks (ANNs) can be built for satisfying the
urgent demand for Artificial Intelligence (AI) hardware.

Electric field

Figure 1.4: Schematic representation of a crossbar architecture [3].

In a biological neural network, the stored information is defined by the strength of
the reconfigurable neural connections between the neurons, called synapses. In the
same way, in ANNs, the memristors play the role of the synapses, since the synaptic
strength corresponds to the resistive state of the devices. The memristor state is
hence used to modulate the weighted synaptic connection between the neurons of
the network. The network is then trained to perform a specific task by updating
these synaptic weights through back-propagation operations. These operations are
performed by applying voltage pulses with a proper amplitude and width to the
devices, thus resulting in the weight increase (long-term potentiation or simply po-
tentiation) or decrease (long-term depression or simply depression).

In this scenario, memristors represent an extremely promising candidate since they
can store multiple states and not only two Boolean values [1]. Moreover, modern
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networks can have multiple layers thus requiring large number of synaptic inter-
connections. This requirement is easier to be satisfied by the emerging memristor
technologies with respect to conventional CMOS ones which are limited in their
scaling.
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Figure 1.5: Comparison chart of the performances of the four types of two-terminal
memristive devices: resistive switching (a), phase change (b), spintronic (c¢) and
FTJ (d) [1].

In CBA, the computation of the signal sent between pre-synaptic neurons and
post-synaptic neuron is based on multiplying the voltage level of the pre-synaptic
neurons by the device conductance and summing these contributions to define the
current level entering in the post-synaptic neuron, in a vector-matrix multiplication
fashion, as it is depicted in Figure 1.4. Respect to implementation of ANNs based
on loading the synaptic weights from the memory to the processor for the computa-
tion, CBA is a more efficient architecture capable to maximize the parallelism and
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the distribution of the computation while overcoming the von Neumann bottleneck
based on data transferring between memory and processor [3][2][4][7].

Between the enthusiastic discover of the potentiality of memristive devices and their
complete adoption in future computing architectures, several challenges must still
be faced. These challenges, as well as a summary of the main performances of the
discussed two-terminal memristive technologies, are reported in Figure 1.5.
Focusing on the memristive computing performances in Figure 1.5, it is possible to
observe that resistive switching devices are among the best candidates in terms of
scalability and reliable operation, on its own based on the trade-off between memory
window, endurance and retention. Indeed, ReRAM technology has demonstrated a
scalability down to sub-10 nm regime without sacrificing its properties, since their
chip footprint is determined only by the overlap between the metallic electrodes
[2]. Moreover, the large On/Off ratio achievable with this technology translates in
a better mapping capability of the synaptic weights in the algorithm to the resistive
state of the devices [2]. This type of memristive devices show also outstanding pro-
gramming speed and energy required per single operation if compared to the other
technologies. For example, FTJ requires high voltages to induce the reversing of
the polarization, while phase change materials rely on large currents and on long
time to enable the crystallization, thus resulting non-adequate to fully solve the von
Neumann bottleneck yet [1]. Instead, ReRAM requires energy around 100 fJ~10
pJ for the programming [2]. However, further device engineering is still required
to improve the programming speed and the energy consumption to reach the brain
capabilities [2].

In addition to the discussed properties, the adoption in neuromorphic computing
systems of memristive devices passes through what Im et al. [1] define as neural
plausibility. Neural plausibility describes how well the devices emulate the nervous
system and it relies on four main properties:

e [-V symmetry, which indicates the symmetry in the resistance state modu-
lation between a positive or negative voltage stimulation of the device. The
more asymmetric the weight update in the device is, the more complex should
result the driving circuitry.

o Linearity, which defines the resistance or conductance curve uniformity during
the weight update. This parameter is fundamental for the accuracy of the
learning process in ANNs, since an unpredictable state variation makes harder
to reach a defined target value [1][3][7] or it creates an history dependence of
the weight update [2].

« Stochasticity is the relative fluctuation of the resistance state in the range over
which it fluctuates over a certain period of time. A low stochasticity value is
required to improve the accuracy of ANNs [1].

o Multi-level operation refers to the number of distinguishable resistive states,

7



Introduction and Motivation

that on their own define the number of bits per device. Multilevel states are
fundamental to resemble the biological synaptic plasticity, thus allowing for
an improved and more robust learning capability of the ANN [2]. However,
the weight precision requirement is strongly application dependent [2].

Resistive switching devices are one of the most favourable candidates for the imple-
mentation as artificial synapses in neuromorphic computing architectures mainly
because of the large amount of distinguishable resistance levels that they can gen-
erate [1]. On the other hand, the I-V symmetry, linearity and stochastic nature
of the switching mechanism seem to be the major challenges to address towards
an actual system implementation based on this kind of devices. These aspects are
discussed in more detail in Section 1.2.

1.2 VCM-ReRAM: working principle and tech-
nological limitations

ReRAM devices based on valance change mechanism are capacitor-like structures
that typically comprise a transition metal oxide (TMO), such as hafnium oxide
(HfO,), titanium oxide (TiOz) or tantalum oxide (TagOs), which is sandwiched
between two metal electrodes, which are often referred as top (TE) and bottom
(BE) electrodes.

The switching behaviour observed in these devices is mainly of two types: unipo-
lar, in which the device changes its state between LRS and HRS, and viceversa,
accordingly only to the amplitude of the applied voltage signal; bipolar, in which the
device state transition has a defined voltage polarity dependence. The switching
behaviour of these two sub-categories of devices are visually represented in Fig-
ure 1.6(a) and (b), respectively. However, this work is mainly focused on bipolar
switching devices since they are known for their excellent endurance with respect
to unipolar ones [4].

Another possible classification of VCM-based ReRAM regards the model that ex-
plains the switching behaviour of the device. As it is depicted in Figure 1.6(c) and
(d), resistive switching originates from the migration of oxygen ions and subsequent
valance changes. This can result in the formation and rupture of a locally confined
conductive filament (CF) in the oxide or it can be a phenomenon that takes place
homogeneously over the whole interface between the metal electrode and the TMO,
thus resulting in a strong area dependence of the resistance. However, the interface-
type devices are difficult to scale down and high voltages are required for switching
the resistive state at high speed [9]. Moreover, when programmed through voltage
pulses, interface-type ReRAM devices usually require long pulses (ms scale) for
achieving a fast and reliable operation of the neuromorphic system [7]. For these
reasons this work is focused on filamentary-based ReRAM.
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Figure 1.6: I-V curve for a unipolar switching ReRAM (a) and a bipolar one (b).
The two main proposed models for resistive switching phenomenon are the filamen-
tary (c) and interface-type one (d)[8].
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Figure 1.7: TEM image of a Ti/HfO,/TiN ReRAM (a) and typical I-V character-
istic of the device (b) [14].

The stability of the bipolar resistive switching in filamentary-based ReRAM is im-
proved by employing an asymmetrical capacitor structure. In this work, to refer to
this asymmetrical structure, the name "baseline" technology is used. In this tech-
nology, one electrode has a low work function, like in the case of titanium (Ti) or
tantalum (Ta), while the other is typically platinum (Pt) or titanium nitride (TiN),
since they have a very large work function [11]. The low work function metal is also
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easier to oxidise with respect to the more inert Pt or TiN, and hence it is called oxy-
gen exchange layer (OEL). An example Transmission Electron Microscope (TEM)
image for a real device is shown Figure 1.7(a) and its corresponding I-V character-
istic in (b). Instead, the baseline technology operation is schematically depicted in
Figure 1.8.

Electroforming :
1
1

‘ 1

PRISTINE STATE e @GND 3

B OEL T™MO 0> M Vo,- W AE gap spacing

HRS

Figure 1.8: Schematic of baseline device operation.

In pristine state, filamentary-based devices are usually in an extremely high resistive
state [4]. To enable the resistive switching phenomenon to occur, an initial electro-
forming step is required [10]. This process consists usually in the application of a
positive or negative voltage at the OEL side, which can be thought as a distributed
reservoir of defects at the metal-insulator interface [12]. The chemical reactions
occurring at the OEL-TMO interface result hence in the gathering of oxygen ions
(O72) by the OEL, with consequent injection of oxygen vacancy defects (Vo®* in
the Kroger-Vink notation) forming a CF in the TMO through a soft-breakdown
phenomenon [11][12][14]. After electroforming, the device is hence found in LRS
and the switching to the HRS is reached by inducing the filament breakage. In
particular, a negative voltage must be applied at the OEL to produce a migration
of O~2 in the TMO, where they recombine through redox reactions with Vo*® till
opening a gap at the oxide-inert electrode interface. On the other hand, applying
a positive voltage at the OEL side results in the opposite migration of O~2 that
leave behind V*®. The filament breaking and restoring is thus the consequence
of the oxygen vacancies redistribution within the TMO driven by a proper electric
field and influenced by Joule heating effects [13]. It explains the modulation of the
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1.2 — VCM-ReRAM: working principle and technological limitations

local electronic conductivity due to the induced alteration in the valance state of
transition metal cations [1][10][11]. A modulation of the width of the energy barrier
at the interface with the high work function metal is the most accepted explanation
of this resistive switching mechanism in literature [8][11]. According to this theory,
being positively charged, oxygen vacancies act as donor-type centers [10] and their
accumulation or depletion at the oxide-high work function metal interface respec-
tively favour or not the carrier conduction [8]. The inert electrode plays hence a

key role during the switching and for this reason it is also called active electrode
(AE).
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Figure 1.9: Schematic illustration on how distinguishable resistance levels can be
achieved by varying the compliance current (Icc) during SET transition (a) or the
magnitude of the RESET voltage (Vrrsgr) (b). Redrawn from [14].

As already mentioned in Section 1.1, the large amount of distinguishable resis-
tance levels achievable in resistive switching devices makes them suitable for the
implementation as neuromorphic memristor-based artificial synapses. In baseline
technology, multiple HRS and LRS can be achieved mainly in three ways:

e An upper bound to the current flowing in the device, which is called compliance
current (Ioc), can be applied to limit the strength of the SET transition. As
it is possible to observe from Figure 1.9(a), increasing the Icc produces the
widening of the CF due to the larger migration of oxygen vacancies [7] with
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a)

Conductance (uS)

consequent reduction of the resistance value in LRS. In this way, multiple LRS
levels can be achieved while the HRS remains constant. However, the wider it
is the filament created and the larger should be the current required to flow
in the device to break the filament during the RESET [14]. Practically, this
method is implemented by controlling the gate voltage applied to a transistor
in series to the ReRAM device (1T-1R configuration).

The magnitude of the RESET voltage (Vrgsgr) can be controlled in order
to obtain distinguishable HRS levels, while the LRS is maintained constant.
Indeed, as it is observable in Figure 1.9(b), an increase of Vgrgsgr produces an
enlarging of the gap spacing with consequent increase of the resistance state
in HRS. This approach is often employed since it reduces the complexity of
the circuitry around the devices [14].

The voltage pulse width (PW) during both potentiation and depression can
be adjusted to define the resistance value in both LRS and HRS because of
the more controlled electrical stimulation of the device. However, this method

is poorly energy efficient due to the higher unwanted heat dissipation in the
device [14].

b)
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Figure 1.10: An example of pulsed programming of a Ti/HfO,/TiN ReRAM device
during both potentiation and depression (a). Multiple states can be achieved during
potentiation by non-identical pulses that increase Ioc (b). Adapted from [7].

As motivated in Section 1.1, the accuracy in the learning process of ANNs strongly
depends on the analogue tuning of the resistance state and it is actually in this
regard that the baseline technology shows its limitations. Figure 1.10(a) shows

how applying identical pulses for both potentiation and depression, the HRS in
filamentary-based devices is abruptly switched to the LRS in a single pulse, whose
width defines the value of the resistance state. The abruptness of the transition is
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1.3 — Bilayer ReRAM: improvement of the weight update

attributed to the positive feedback between the rise of the electric field in the gap
region and the filament growth [2]. The LRS can be then gradually switched to the
HRS by controlling the amplitude of the RESET pulse. The more gradual nature
of the RESET transition is attributed to a negative thermal feedback and counter-
acting forces of drift and diffusion of Vo*® approaching equilibrium concentration
[15].

The abrupt and stochastic behaviour during the SET transition is hence the main
obstacle to a highly accurate learning process of the neural network. The problem
can be mitigated by adjusting the resistance value in LRS through the amplitude
of the voltage pulse applied to the gate of a transistor in series to the device,
thus controlling the I¢c, as shown in Figure 1.10(b). However, the application of
non-identical pulses results in a more complex peripheral circuitry, as well as in
an increased latency and power consumption [7]. This challenges make the pro-
gramming with non-identical pulses impractical for on-chip implementations [2].
In this regard, several optimized programming schemes for both potentiation and
depression have been proposed [7]. They rely on combining voltage pulses in trains
to obtain more gradual and linear state transitions by the partial connection or
dissolution of the CF. This approach still poses some problems mainly regarding
the time required to establish the best pulse pattern, even if the circuit complexity
can be reduced since only one SET train and one RESET train must be applied.
Filamentary-based ReRAM are today the most advanced emerging technology in
terms of scaling and integration with CMOS based architectures [9], but they are
not yet ready to fulfil all the requirements of neuromorphic systems.

1.3 Bilayer ReRAM: improvement of the weight
update

The intrinsic drawback of a poorly analogue and asymmetric weight update in base-
line ReRAM devices lead to a further engineering of the memristive technology pass-
ing through several methodologies. In particular, the most successful methods were
based on the manipulation of the properties of the insulator layer by modulating the
parameters of its deposition process, or on employing various doping techniques,
such as metal clusters or inorganic nanocrystals [4], that lower the formation en-
ergy of oxygen vacancies [7]. Although several advantages were introduced by these
techniques, such procedures resulted in more complex manufacturing processes, and
hence, also in more expensive ones [4]. To keep the fabrication process simple and
cost-effective, in recent years bilayer ReRAM devices have been investigated to
achieve the analogue, linear and symmetric resistive switching which is capable to
mimic the learning process in biological synapses.

The phenomenon explaining the gradual switching is still open and different expla-
nations appear in literature. In 2016, Woo et al. [16] reported the improvement
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of a Ti/HfO,/TiN ReRAM by depositing the HfO, on top of an aluminium (Al)
layer. The ALD deposition of HfO, induces the oxidation of Al with the conse-
quent formation of an AlO,/HfO, bilayer. According to the authors, the CF is
formed through the entire thickness of the oxide stack but since the constriction is
placed at the interface between AlO, and HfO,, an analogue switching is obtained.
Indeed, the lower mobility of Vo*® in AlO, than in HfO, limits their dissolution
from the CF while the lateral modulation of the CF width is preferred. This incom-
plete annihilation of the filament and modulation of its width result in an extremely
gradual, linear and symmetric weight update but the On/Off ratio is reduced, as
it is possible to observe from Figure 1.11 (a).

A neuromorphic system based on a multilayer perceptron model was then used in
[16] to test the accuracy of pattern recognition on the Mixed National Institute of
Standards and Technology (MNIST) dataset. Figure 1.11(b) clearly shows that the
training accuracy is drastically improved by linearly and symmetrical updating the
weights of the network, even if the resistance window is narrower than in the case
of baseline technology.
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Figure 1.11: a) Comparison of the synaptic behaviour obtained from the HfO, and
AlO4/HfO, devices. b) Accuracy obtained with the two technologies in a pattern
recognition with a neural network using a multilayer perceptron algorithm [16].
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The idea that the bilayer ReRAM device works as a stack of two switching layers is
proposed in a slightly different way by Kim et al. in [17], where the concentration
of Vp** and the CF are modulated by stacking a sputtered TaOy on top of an
ALD deposited HfO,. Since the sputtering technique causes more physical defects
than the ALD one, the TaO, should have a larger amount of oxygen vacancies than
HfO,, thus leading to a two stages CF formation process. First a thicker filament is
formed in the oxygen vacancies-rich TaO, layer and then a weaker second one along
the already formed CF is generated in the HfO,. According to the authors, the con-
trol of the filament formation or dissolution in correspondence of its thinnest part
at the interlayer between the two oxides determines the gradual resistive switching
in both static and pulsed programming, as it is possible to observe in Figure 1.12.
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Figure 1.12: a) IV characteristic of the ReRAM device based on Ti/TaO,/HfO, /Pt
stack. b) Pulsed programming of the bilayer ReRAM device with identical pulses
[17].

Ciippers et al. [15] attribute the gradual transition on either SET or RESET to
the inherent current limitation provided by the additional insulating layer stacked
on top of the TMO, but the effectiveness of this mechanism depends on the resis-
tance state of the device. In Figure 1.13(a) it is shown the device stack studied in
[15] and it is possible to notice that the combination of the TiOy interface layer
and the metallic interconnection contributions acts as inherent conduction limiter
(ICL) in the equivalent circuit model. The bilayer ReRAM device studied in [15]
shows two modes of operation. In the first operation mode, the device starts from
an extremely large or low resistance state, hence the ICL can limit the current
through the device only initially, thus resulting in an abrupt transition to the op-
posite state. On the other hand, a gradual and self-compliant state update on both
polarities is obtained by changing the applied voltage in steps of 10 mV so that the
resistance difference between initial and final state is reduced, as it is represented
by the coloured lines in Figure 1.13(b).
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Figure 1.13: a) Stack of the TiOy/HfOs ReRAM and equivalent circuit. b) I-V
sweeps of the proposed device that can show an abrupt behaviour (black curves)
or a gradual one (colored curves) [15].
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Figure 1.14: a) Simulation of the voltage drop in the TaOx (CMO)/HfO,/TiN
device stack during SET. b) Comparison of the temperature distribution at the
interface with the HfO, between having Pt or CMO as top electrode [19].

The role of the TiO, in the device stack is, however, much more complicated. In-
deed, in a previous article [18], the authors state that the TiO, affects also the
temperature distribution during switching (by modifying the heat dissipation) and
the current conduction in the HRS, rather than acting as a simple series resistance.
This idea is supported also by a previous work of Sekar et al. [19] on TaO,/HfO,
bilayer ReRAM device. In [19], the TaO, is not a purely insulator, hence it is re-
ferred as conductive metal oxide (CMO). Figure 1.14(a) shows a significant voltage
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drop occurring on the CMO during SET and the consequent current crowding at its
interface with HfO,. This suggests that the CMO resistivity has an impact on both
switching and retention properties. Moreover, since the current crowding results in
the temperature increase because of Joule heating effect, the thermal conductivity
of the CMO layer must be carefully considered. The simulation in Figure 1.14(b)
demonstrates how a lower thermal conductivity of CMO with respect to a metal

electrode confines the heat at the TaO,-HfO, interface, thus enhancing the ion mo-
tion.

2
3
o
S
S)
=

0 — v v -
m Vset=1.2V PW=50ns
A

m Vreset=14V_ . _
o Vreset=1.5yF V- o0ns

(=1
(=]
=

100n [ HFOXITEL

el ®

o

3 40 ®

5 20

o 5 HfOX/TEL

Current (A_)
g

-
=

0 0 80 100 150 200 0 20 40 60 80 100
Voltage (V) Pulse number Pulse number

d)

3
Oxygen Vacancy

Oxygen lons

r
2ot 4p

Electricl field dominates Thermal effect dominates
CF formation CF formation

Figure 1.15: a) I-V sweep on TaO (TEL)/HfO, bilayer ReRAM at room temper-
ature. b) Analogue conductance change using identical SET pulses. ¢) Analogue
conductance change using identical RESET pulses. d) Schematic representation of
the single strong CF due to the dominance of electric field and the multiple weak
ones obtained when thermal effect is predominant [20].

Following the reasoning in [19] and observing a transition from abrupt to analogue
behaviour in ReRAM devices by switching the device at high temperatures, Wu et
al. [20] proposed to develop a thermal enhanced layer (TEL) that stacked on top of
HfO, realizes an analogue weight update of the ReRAM. In [20] the TEL is still an
oxygen deficient tantalum oxide, with a low thermal conductivity but a high elec-
trical one. In agreement with [19], this layer can confine the heat during switching
and thus allowing for the achievement of a gradual state transition at temperatures
compatible with practical applications, as it is observable in Figure 1.15(a), (b) and
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(c). According to the authors, a strong single CF should be formed if the positive
feedback induced by the electric field dominates, thus resulting in a resistance state
that depends on the CF formation and rupture. In contrast, the TEL enables the
growth of multiple weaker CFs because of the induced more uniform distribution of
oxygen vacancies. The resistive state results in the sum of the contribution of each
CF, whose annihilation has a lower impact on the total resistance. A schematic
representation of both scenarios is reported in Figure 1.15(d).

Although the resistive switching mechanism that enables the biological synaptic
emulation is not completely clear, the potentialities of bilayer ReRAM devices as
building blocks for future neuromorphic computing architectures are huge. This is
especially true if a co-integration of crossbar array with CMOS transistors is real-
ized. For example, Yao et al. [21] demonstrated the face recognition capabilities of
a one-layer perceptron of 128 x8 TaO,/HfAl,O, ReRAM trained with the Yale Face
Database and tested on unseen faces. Using a write-verify weight update rule, the
network is capable to achieve 91.7% of accuracy, while this value lowers to 87.5%
if a simplified scheme without program-verify is employed.

1.4 Final goal of the proposed work

The practical realization of novel computing architectures based on bioinspired neu-
romorphic computing requires memristors to have an analogue multilevel behaviour
as well as a low intra-device and inter-device variability. In this regard, the realiza-
tion of bilayer redox-based VCM ReRAM devices seems to be a simple as well as
cost-effective method to optimize these characteristics with respect to the baseline
technology. However, several challenges are still present. To increase the success
rate of this goal, a deeper understanding of how the analogue switching mechanism
occurs is of paramount importance.

In this thesis work the deposition of the substoichiometric tantalum oxide layer is
optimized to obtain a CMO, and the impact of its conductivity on the ReRAM
performances is studied. To further improve the device switching, we analyzed the
influence of the thickness of this CMO layer, which is related to both electrical and
thermal effects. Eventually, we gave a physical interpretation of the mechanism
behind the gradual resistive switching of the proposed ReRAM, by modelling the
results obtained within a dedicated Impedance Spectroscopy experiment.

The contribution of this work will hopefully help to identify and to tune the main
knobs that will make bilayer redox-based ReRAMs the artificial synapses of future
ANNS.
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Chapter 2

Processing methods

2.1 Thin Film Deposition

In this section a theoretical overview on the techniques used for the deposition of
the thin-film materials is provided. These techniques can be divided in:

o Physical Vapor Deposition (PVD), such as sputtering and evaporation, in
which material is physically removed from a source, or target, and it accumu-
lates onto a cooler substrate;

e Chemical Vapor Deposition (CVD), in which the thin-film is formed by the
reactions among gaseous phase precursors;

« Atomic Layer Deposition (ALD), in which the film is grown by the chemical
reactions among gaseous precursors introduced sequentially into the process
chamber.

2.1.1 Physical Vapor Deposition - Sputtering and Evapo-
ration

Sputtering deposition

Sputtering is a thin-film deposition technique used for depositing both metallic and
insulating films and it is based on the physical removal of material by ion bombard-
ment from a source, usually called target. At the very beginning of the deposition,
a gas consisting of neutral atoms, frequently argon (Ar), is inserted in the chamber
and then a plasma is generated by the application of a Direct-Current (DC) volt-
age or a radio frequency (RF) power, typically at 13.56 MHz. As a consequence of
the voltage application, free electrons are accelerated in the plasma and elastically
collide with the neutral argon atoms, thus generating ions Ar*. The ions are then
accelerated towards the cathode that hosts the target by the voltage applied, thus
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resulting in a physical ablation of material and the consequent deposition of the
sputtered atoms, which mostly arrive as neutral ones on the substrate surface. The
substrate is positioned usually in the bottom part of the chamber onto an holder.
The holder acts as the anode and it is electrically connected with the chamber
walls at a ground potential. Sometimes an heater is present at the anode in order
to increase the temperature of the substrate during the deposition allowing for a
better control on the crystallographic growth of the thin-film, on its deposition rate
as well as on the material stoichiometry. An outlet and a vacuum pump allow to
maintain a constant value of pressure in the chamber during the deposition. A
schematic representation of DC and RF sputtering processes is provided in Figure
2.1.
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Figure 2.1: Schematic representation of DC sputtering (a) and RF sputtering (b).
Red features stresses the connection of the substrate holder with the chamber walls,
which is required to obtain a RF sputtering process mostly occurring at the target.
Partially redrawn from [22].

Instead of DC sputtering, when a thin-film is deposited starting from a non-
conductive target RF sputtering should be used in order to avoid the accumulation
of the electric load [22]. In DC sputtering, the acceleration of the sputtering ions oc-
curs directly in front of the target, since far from it the Ar* ions undergo additional
collisions thus loosing their energy on the long path to the target. Moreover, no
physical removal of material at the anode occurs [22]. This is not true in the case of
RF sputtering, in which a similar re-sputtering rate is obtained at both electrodes,
due to the slower mobility of ions versus electrons that results in a positively bi-
ased plasma with respect to both electrodes. To obtain a sputtering process mostly
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occurring at the target, the anode is usually connected to the chamber walls, thus
resulting in a smaller area of the cathode with respect to the anode [22]. Indeed, in
this way the electric field is larger close to the smaller electrode (the target) since
the overall current continuity must remain constant [22].

RF sputtering is used mostly for the deposition of insulating materials, while for
conductive ones DC sputtering is preferred since it leads to a higher deposition
rate.

Magnetic fields perpendicular to the electric one can be used to sustain the plasma
in close proximity to the target thus allowing an improvement of the ionization rate
and, as a consequence, of the sputtering yield at lower sputtering gas pressure [22].
The improvement in the ionization rate is explained by the higher ionization prob-
ability resulting from forcing electrons to move on helical path in close proximity
of the target. The magnetic fields are generated by an array of magnets placed at
the cathode and in this case the sputtering technique takes the name of magnetron
sputtering. The magnetron sputtering configuration for both DC and RF sputter-
ing is shown in Figure 2.2. The biggest advantages of magnetron sputtering with
respect to the common configuration are the larger deposition rate and the lower
incorporation of argon into the film working at lower gas pressures. On the other
hand, a more inhomogeneous target erosion is obtained [22].
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Figure 2.2: Schematic representation of DC magnetron sputtering (a) and RF
magnetron sputtering (b). Red features stresses the connection of the substrate
holder with the chamber walls, which is required to obtain a RF sputtering process
mostly occurring at the target. Partially redrawn from [22].

A solution to deposit dielectric materials starting from a conductive target or to
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simply refine the stoichiometry of the deposited layer is reactive sputtering. In this
case, a reactive gas is introduced into the chamber and it is typically oxygen (Os)
or nitrogen (N3). The reactive gas molecules can react with the material sputtered
from the target resulting in the deposition of a material different from the target
one. A schematic representation of DC magnetron reactive sputtering is provided
in Figure 2.3.
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Figure 2.3: Schematic representation of DC magnetron reactive sputtering. Par-
tially redrawn from [22].

The sputtering tool used in this work is the CS 320 S from VON ARDENNE.

Thermal and E-beam Evaporation

Evaporation is a PVD technique to deposit thin-film which can be performed in
two ways: thermal evaporation and E-beam evaporation. In both cases, a source
material hosted in a crucible is heated up in vacuum and the evaporated atoms con-
dense on the surface of the sample, which is mounted upside down onto an holder
to reduce the particulate absorption, and hence contamination [22].

The main difference between the two techniques consists in how the heating to
generate the material to be deposited is obtained. In thermal evaporation, it is ac-
complished by using an heater like a tungsten filament in which a current typically
of the order of 100 A flows. On the other hand, E-beam evaporation is based on
the thermionic emission of a filament with consequent acceleration and focusing by
a magnetic field of a high-energy electron beam onto the source material to locally
melt it [22]. The schematic of the two evaporation processes is depicted in Figure
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2.4.

With respect to thermal evaporation, higher temperatures can be reached in the
E-beam process, thus allowing for the deposition of a wider range of materials.
Moreover, being melted only the top part of the source material, the E-beam evap-
oration results in a reduced amount of contamination from the crucible [22].
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Figure 2.4: Schematic representation of thermal evaporation (a) and E-beam evap-

oration (b). Redrawn from [22] and [23].

The evaporation process is performed at even lower pressures than in sputtering.
The high vacuum condition in which the evaporated atoms are transported results
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in a reduction of contaminants in the chamber, as well as a strong reduction of gas-
phase scattering phenomena. In particular, the reduction of scattering produces a
longer mean free path for the atoms which travel mainly in essentially straight lines
till reaching the surface of the sample [22]. The main consequence of this straight
path of the evaporated atoms is the non-conformality of the deposition: the max-
imum of deposited material is on horizontal surfaces, while a minimal thickness
is reached on the vertical sidewalls of the features, with no deposited material on
features that result shadowed by others.

The deposition is usually controlled by monitoring tools like piezoelectric quartz
disk and once the target thickness is reached, the material flux is abruptly stopped
by a closing shutter. Moreover, another feature usually present in evaporation
systems is the possibility to rotate the substrate holder in order to reduce the non-
ideal and non-uniform behaviour of the deposition resulting from the high density
of evaporated atoms right above the source [22].

The major advantages of the evaporation process are the little demage of the sam-
ple, the high purity of the deposited film and also the higher deposition rate if
compared with other thin-film deposition techniques like sputtering. However, the
evaporation technique presents also several limits such as the difficulty to deposit
alloys or thin-film with precisely controlled stoichiometry, poor step coverage and
the absence of any in situ pre-cleaning method [22].

The Evaporator tool used in this work is the BAK501 LL from FEwvatec.

2.1.2 Chemical Vapor Deposition - PECVD

Chemical Vapor Deposition (CVD) is a class of deposition techniques in which a
thin-film is grown starting from gaseous reactants which are broken into reactive
species by an high energy source [22]. Among the CVD deposition techniques can
be cited for example Atmospheric Pressure CVD (APCVD), Low Pressure CVD
(LPCVD) and Plasma Enhanced CVD (PECVD). The latter is here described in
details, since it has been used in this work for the deposition of slicon dioxide
(SiO3) and silicon nitride (Si3N4). PECVD is usually the preferred technique to
deposit these layers because it allows for low deposition temperatures but still
maintaining an high deposition rate with respect for example to LPCVD. This
makes PECVD also compatible with back-end-of-the-line (BEOL) processing. On
the other hand, PECVD is a much more complex tool with respect to the other CVD
techniques. Indeed, a plasma is generated by an RF bias in addition to the thermal
source required to provide the energy for the occurrence of chemical reactions. The
principle of the plasma generation is exactly the same of reactive sputtering, with
the difference that now electrons generate free radicals by the collision with neutral
gas molecules. The free radicals are extremely reactive species and thus the surface
processes and deposition can occur at much lower temperatures than non-plasma
systems, and even at room temperature [22]. The properties of the deposited layer,
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such as the density and the stress, can be tailored acting on additional degrees
of freedom with respect to the other CVD techniques, such as the RF power, the
frequency and the bias. On the other hand, incorporation of byproducts into the
layer should be carefully controlled [22]. An example of equipment configuration
is shown in Figure 2.5, in which the reactive gas are fed in by inlets and an RF
generator at a frequency usually of 13.56 MHz is used to generate the plasma.
Byproducts are exhausted through the outlets.
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Figure 2.5: Schematic representation of PECVD tool [24].

The PECVD tool used in this work is the PlasmaPro 100 from Ozford Instruments.

2.1.3 Atomic Layer Deposition - PEALD

Atomic Layer Deposition (ALD) is a thin-film deposition technique that allows to
precisely deposit even few nanometers of material really layer by layer with excel-
lent control, film quality and uniformity. Even 3D structures with high aspect-ratio
can be covered in a conformal way at low process temperatures [25]. The technique
relies on repeating for the time required to obtain a target thickness of deposited
material a cyclic process of four steps, in which precursors are inserted one at the
time in the chamber and residuals are purged after that self-limiting reactions take
place. However, even though this deposition technique looks quite straightforward,
it presents several challenges such as high thermal budget for actual device appli-
cation and low throughput [26]. The material deposition can hence be performed
at lower temperatures by introducing into the ALD chamber a plasma of reactant
molecules that dissociates in reactive species during the process, thus the name of
Plasma Enhanced ALD (PEALD) of this technique. In particular, the main steps
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of the PEALD process, which are also illustrated in Figure 2.6(a), are the following:

1 Precursor adsorption step: the precursor is introduced into the chamber and
it is chemisorbed on the surface through self-limiting reactions.

2 Purge step: A carrier gas is introduced into the chamber to remove the excess
of the precursor and reaction byproducts from the chamber.

3 Plasma exposure step: a plasma containing strongly reactive molecules, like
free radicals, is generated and these reactive species react with the already
adsorbed precursor on the surface of the sample.

4 Purge step: reaction residues from the previous step are purged away from the

chamber.
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Figure 2.6: Schematic representation of a PEALD cycle (a) [26] and the PEALD
tool (b) [25].

The plasma is generated using a capacitively coupled plasma technique, which is
the the one also employed in standard sputtering deposition techniques, or induc-
tively coupled plasma, whose example of reactor is shown in Figure 2.6(b). This
kind of plasma generation is described in more details in Section 2.2.4 since it is
also used for plasma etching.

Controlling the plasma conditions, such as the RF power and the frequency, is fun-
damental in this technique since the plasma characteristics, like density of radicals,
energy and density of electrons and ions have a considerable influence on the de-
posited film [26]. For example an high plasma power could result in a larger surface

26



2.2 — Patterning techniques

damage or unwanted incorporation of impurities in the deposited film [26].
The PEALD tool used in this work is the FlexAL from Ozxford Instruments.

2.2 Patterning techniques

This section is intended to give the reader an overview about the main techniques
used in this work for transferring a pattern onto a deposited film. These techniques
comprehend lithography techniques, such as photolithography and laser lithogra-
phy, to pattern a photosensitive material called photoresist, but also techniques
used to remove material, such as lift-off and etching.

2.2.1 Photolithography

Photolithography is a technological process that allows to transfer a desired pat-
tern onto a photosensitive material called photoresist, or simply resist, by exposing
it with a light source. The goal of this process it to define the areas on the chip
where following processes of material deposition or removal will take place. In
order to define the pattern to be transferred on the chip, a physical light filter
called photolithographic mask must be prepared to selectively expose the photore-
sist. It is designed as a .gdsII file with Computer-Aided Design (CAD) software,
such as KLayout and L-FEdit used in this work, and it can contain more than one
lithographic layer according to the number of lithographic steps that must be per-
formed. The information of each mask level is then transferred using a laser or an
electron beam which exposes a photoresist deposited on a silica plate covered with
a thin layer of chromium. Then the resist is developed and the chromium is etched
away using usually a wet etching process. Finally, the remaining resist is stripped
away thus leaving on the photolithographic mask transparent regions (where the
silica is) and absorbent regions (where the chromium remained in place).

Once the mask has been physically realized, the photolithgraphic step can take
place. It consists in printing the mask pattern in a layer of phototresist, which has
been previously spun and baked on a wafer surface after the deposition of Hex-
amethyldisilane (HDMS) as adhesion promoter. The printing is performed in this
work shining through the mask a high-intensity light, which is generated from a
mercury (Hg) lamp, using a contact exposure system (Mask Aligner MA6 from
Stiss Microtec). In this kind of system the chip is aligned with respect to the mask
taking them apart at 30 pm of distance and then the resist on the chip is placed
in direct contact with the chromium part of the mask for the required exposure
time. This photolithographic system allows for high-resolution (=1 pm of mini-
mum feature dimensions transferable), since diffraction effects are minimized by
the contact between the chip and the mask. However, the hard contact results also
in high defect densities thus limiting the application of this exposure system to low
volumes and small chip sizes [22].
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Once the photoresist has been exposed to light, it undergoes a chemical alteration
due to bond-breakage for then restructuring itself into a new stable form [22]. Two
main polarities of the resist can be identified: positive photoresist, which becomes
more soluble in the developer solution when exposed; whereas negative photoresist
does the opposite. This different behaviour of photoresists results in the generation
of a pattern transfer on the chip once the resist has been developed in the proper
solvent, with the same pattern on the mask being transferred onto the chip in the
case of a positive resist, while the inverse one in the case of a negative photoresist,
as it is possible to observe in Figure 2.7.
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Figure 2.7: Schematic representation of photolithography in the case of a contact
exposure system. The pattern transfer in the case of positive and negative polarity
of the resist is represented. Partially redrawn from [22].

For more details about the discussed technique as well as other more advanced
photolithographic exposure systems, the reader is advised to literature [22].

2.2.2 Maskless Laser Lithography

Laser lithography is a lithographic process that, as photolithography, allows to
transfer a desired pattern onto a photoresist. The difference with respect to pho-
tolithoraphy is that the photosensitive material is exposed through a laser beam
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2.2 — Patterning techniques

and no more the light generated by an high-intensity Hg lamp. Moreover, the laser
lithography is a maskless technique, in the sense that no physical mask must be
fabricated to selectively define the region where the resist is exposed. Indeed, in
laser lithography the pattern is exposed directly onto the chip using a spatial light
modulator, which essentially works as a programmable mask of the design file [27].
A laser beam is hence deflected by a mirror and focused by an optical system on
the photoresist surface in order to define on it the designed pattern. The principle
of operation of maskless laser lithography is reported in Figure 2.8.
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Figure 2.8: Schematic representation of maskless laser lithography process. Par-
tially redrawn from [27].

The direct-writing approach followed by laser lithography allows to be much more
time-efficient in the lithographic step, since the alignment is performed automat-
ically by the tool, and also to have much more versatility in changing the design
without the need to fabricate again a lithographic mask [27]. On the other hand,
it is a much more expensive tool than a standard mask aligner used for contact
photolithography. The tool that is used in this work is the Heidelberg DWL 2000,
which can reach a sub-1 pm resolution using a 413 nm laser wavelength and 500
mW of maximum power.

2.2.3 Lift-off

Lithography usually precedes a processing step in which a material is deposited or
removed using etching techniques, such as the ones described in the Section 2.2.4.
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In particular, when the next step after the resist patterning through lithography
is the deposition of new material, the resist acts as a mask to protect the regions
where the new material should not be deposited. Once the deposition is completed,
the unwanted material and the resist itself should be removed. This patterning
approach is called lift-off and it is a very well known microfabrication technique
especially for its simplicity, since no chemical selectivity of the layers should be
considered as it is instead the case for etching approaches. Indeed, the removal of
the resist with the material deposited on its surface is accomplished by submerging
the chip into a solvent (typically acetone) and agitating it with ultrasonic in order
to improve the efficiency of the stripping process. Sometimes an oxygen plasma
may be required to further remove unwanted resist residues by chemical reaction
with the organic material [28].
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Figure 2.9: Schematic representation of lift-off process using a photoresist with
negative or positive polarity. Partially redrawn from [28].

Positive resists are usually favoured for their better resolution with respect to pho-
toresist having a negative polarity [22] but they are not well-suited for lift-off pro-
cess. In this process, negative photoresists are usually preferred for the undercut
profile of the resist sidewalls. Indeed, the absence of undercut profiles when using
a positive photoresist leads to a partial deposition of material on the sidewalls with
consequent reduction of the solvent access points to the resist and the appearance of
'ears" at the edges of the defined features, as it is possible to observe in Figure 2.9.
In order to avoid the appearance of the "ears" and still using a positive photoresist,
common alternatives can be to increase the thickness of the resist, thus to reduce
the amount of deposited material on the sidewalls, or to use positive photoresists
with image reversal. In this work another approach is explored and it consists in
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using a bi-layer photoresist by combining the LOR B resist with standard positive
phototresist.

1. Coat and prebake LOR. 4. Develop resist and LOR. LOR develops
isotropically, creating a bi-layer re-entrant sidewall
profile.

2. Coat and prebake imaging resist. 5. Deposit film. The re-entrant profile ensures
discontinuous film deposition.

3. Expose imaging resist. 6. Lift-off bi-layer resist stack, leaving only
desired film.
[ Substrate Film deposited in a previous step LOR
1 Imaging resist [l Exposed imaging resist [l Last deposited film

Figure 2.10: Schematic representation of lift-off process using bi-layer photoresist
obtained from the combination of LOR B resist with standard positive phototresist.
Redrawn from [29].

The main steps followed during the bi-layer resist approach are depicted in Fig-
ure 2.10, where it is possible to notice that no adhesion promoter is required for
the already great adhesion of LOR resist on the most used substrates. Moreover, it
is possible to observe the finely defined re-entrant sidewall profile that is obtained
with this technique. The bi-layer approach hence inherits the simplicity of a stan-
dard one-resist process, even if an extreme control on the resist prebake is required
to fix the development and undercut rate [29].

2.2.4 Wet and Dry Etching

Subtractive technological processes are based on the selective removal of deposited
material from the sample, which is achieved using etching techniques. The speed at
which the material is removed is called etch rate, and it depends on the composition
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of the etchant as well as the material properties, such as its density [22].

Etching techniques can be classified in wet etching and dry etching. Wet etching
is based on immersing the sample into a solution containing the etchant chemistry
and hence removing the material by mostly chemical reactions. A common wet
etching process used in this work is represented in Figure 2.11 and it consists in
the removal of native SiO, which grows on both sides of a silicon (Si) substrate by
using hydrofluoric acid (HF), with consequent generation of HySiFg as water-soluble
byproduct [22]:

In order to keep the etchant maximum strength over use and time, buffering agents
are often added to the etch solutions. In particular, ammonium fluorine (NH4F) is
added to HF to help preventing the depletion of fluoride ions in the etchant and
to reduce the etching of the photoresist, if this is used as masking layer during the
etching process [22]. In this case, the etchant solution takes the name of "Buffered
HF" or BHF, or more commonly 'Buffered Oxide Etch" or BOE.

_- ~ e,

Figure 2.11: Schematic representation of the wet etching of native SiOy by HF.

An important parameter in the etching process is the selectivity, which is defined as
the ratio of the etch rates of the different materials in an etch process [22]. Indeed,
the ideal situation is to have a very fast etching of the layer that has to be removed
compared to the masking layer and the layers underneath. In general, wet etchants
are very selective because the process relies on chemical reactions. On the other
hand, relying on a purely chemical processes, wet etching results in an isotropical
removal of material, hence occurring even underneath the masking layer. Usually,
a significant undercut called "etch bias" is obtained in wet etching, as it is possible
to observe from Figure 2.12(a).

The directionality of the etching process is improved using dry etching, also called
plasma etching since it involves the use of gas-phase etchants in the form of a
plasma. In this case, the etching takes place as a combination of both chemical
and physical processes. In particular, the more physical is the process and the less
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lateral etching is obtained, thus resulting in extremely vertical profiles, like it is de-
picted in Figure 2.12(c). However, the more physical it is the process and the less
selective it is, hence the tradeoff between directionality and selectivity should be
evaluated accordingly to the processing requirements. Nevertheless, in plasma etch
system the chemical and the physical components can work in synergy to obtain
directionality while maintaining an acceptable degree of selectivity [22].

More Directional Etching
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Figure 2.12: Schematic representation of the etching directionality in the case of
isotropic (a), anisotropic (b) and completely anisotropic (c) etching. Redrawn from
[22].

The plasma etch system is very similar to an RF sputtering one shown in Figure
2.1(b) but etchant species are introduced in gaseous phase in the chamber. The
plasma is generated by applying an high electric field between the two electrodes of
the system thus resulting in the generation of ionized molecules, ionized fragments
of broken-up molecules, free electrons and free radicals [22]. The density of the
plasma and the ion energy increase by increasing the RF power.

The chemical component in plasma etch process is due to free radicals, which are
electrically neutral species that are extremely reactive because of their incomplete
bonding. On the other hand, the physical component is due to ions which are
accelerated in a very directional way by the generated electric field between the
two electrodes. When the reactive neutral species and the ions act in synergistic
fashion, the process is called ion-enhanced etching [22].

There exist different types of etching systems and here only the three used in this
work are presented. The simplest plasma system is the barrel etcher, in which
a plasma is generated by RF power, but it is kept away from the sample by the
use of a perforated metal shield between the sample and the electrodes [22]. This
separation results in a selective but purely isotropical chemical etching. Moreover,
since the wafer is not sitting to any of the electrodes, non-uniformities are usually
observed in the etching. For these reasons, barrel etcher has been used only for
photoresist removal using an oxygen plasma. This process is more commonly called
photoresist ashing. In this work the barrel etcher used is the GIGAbatch 310 M
from PVA TePla.
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A more anisotropical and uniform plasma etching is obtained using an etching sys-
tem in parallel plate configuration. In this case the top electrode is electrically
connected to the chamber walls and it is grounded, while the RF power is supplied
to the bottom one. This kind of electrical connections allow to increase the size of
the top electrode, resulting in an ion bombarding enhancement of the sample sitting
on the bottom one [22]. For this reason, it is the configuration used in Reactive
Ion Etching (RIE) and Inductively Coupled Plasma (ICP) etching, whose reactor
is depicted in Figure 2.13.
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Figure 2.13: Schematic representation of RIE (a) [30] and ICP (b) [31] tool.

In RIE, both ions and reactive species are involved in the etching process and the
system usually works at a pressure between 10 and 100 mtorr in order to achieve a
good directionality and plasma density. However, the enhancement of the physical
component could result in charging effects as well as lattice damage [22]. The RIE
tool used in this work is the PlasmaPro NPG 80 from Ozxford Instruments.

The ICP etching is instead based on an high density plasma whose generation is
decoupled from the ion acceleration. Indeed, Figure 2.13(b) shows as the RF power
provided to the bottom electrode to accelerate the ions is separated from the induc-
tively coupled one used for the plasma generation, thus allowing a larger process
versatility. Moreover, the plasma has a higher density than the one produced by
the RIE system, thus lower pressures can be exploited for having excellent profile
control while keeping the etch rates and the selectivity high as well as ensuring
a low damage of the sample surface [22]. The ICP tool used in this work is the
Plasmalab 100 from Oxford Instruments.
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Chapter 3

Characterization methods

3.1 Material characterization

This section is intended to provide a theoretical overview on the characterization
techniques that are exploited for understanding the material properties of the de-
veloped conductive tantalum oxide. Structural properties such as crystalline phase,
thickness and density are investigated through techniques based on X-rays. The
resistivity is then computed from the Circular Transfer Length Method (CTLM).

3.1.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique used for the structural anal-
ysis of materials. In particular, this characterization technique is used to identify
the crystallographic phase of the sample, as well as the crystallinity fraction if the
material is polycrystalline and the average grain size.

XRD relies on the the diffraction of the X-ray electromagnetic waves by the crystal.
The sample is indeed hit by a monochromatic X-ray beam at a certain incidence
angle with respect to the sample surface. As a consequence, the atoms in the crystal
are excited and, relaxing, they give rise to re-emitted radiation that does not excite
other atoms, accordingly to the kinematic approximation. The re-emitted radiation
can be approximated as constituted by spherical radiation waves but which can be
considered plane waves at the detector, assuming a very large distance from the
sample. Thus an interference pattern is generated, with a constructive interference
occuring in only few directions due to the periodicity of the atoms in the crystal.
The condition for constructive interference can be expressed by the Bragg’s law:

2-d-sin(@)=n- A (3.1)

where d is the relative distance between two crystallographic planes which belongs
to the same set of equivalent lattice planes (identified by the Miller index (h & [));
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0 is the angle of incidence of the X-rays with respect to the crystal planes; A is
the wavelength of the X-ray radiation and n is an integer number representing the
order of diffraction.

A graphical representation of the Bragg’s law in the case of two parallel X-rays
hitting the sample is depicted in Figure 3.1.
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Figure 3.1: Schematic representation of the X-ray diffraction process in the direct
space.

The energy of the X-ray radiation that hits the sample is usually about 5-20 keV,
since the wavelength of the radiation A must be of the same order of magnitude of
the interatomic distance, usually around few angstroms.

Alternatively, the constructive interference can be expressed in the reciprocal lattice
space. In particular, given the primitive vectors a, b and € of the Bravais lattice
of the crystal in the direct space, the reciprocal space is defined by the primitive
vectors a*, b* and c*:

-
*

a

> ¢ (3.2)
X

x a - ixb
= 277'_,7 - a—— c* = 277'_,7
a-(bxc) a- (bx a-(bxc)
Hence, considering the Miller index (h k [) of a family of crystallographic planes,

the reciprocal lattice is defined as the space of all the vectors G satisfying the
relationship:

G=a* h+b -k+c -1 (3.3)
The constructive interference condition is expressed by means of the Laue condition:
K —k=3G (3.4)

where &’ , k are respectively the wavevectors of the incident and scattered X-ray,
and G is the reciprocal lattice vector.
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The Laue condition can be visualized geometrically using the Ewald sphere, ob-
tained rotating the wavevector k in the reciprocal space, as it is shown in Figure

3.2.
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Figure 3.2: Schematic representation of the X-ray diffraction process in the recip-
rocal space.
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As it is possible to observe from Figure 3.2, each reciprocal lattice point P that
touches the sphere identifies a wavevector ki for which the Laue condition is sat-
isfied. In other words, the condition of constructive interference is satisfied only
for those angles a between the incident and scattered beam for which the Laue
condition is true.

The intensity of the diffracted radiation is collected by a detector and it is analysed
at different detection angles. However, multiple geometrical configurations can be
used, accordingly to the information that has to be extracted and the kind of sam-
ple considered. The most common one is the Bragg-Brentano configuration, also
known as 6-26 configuration. This configuration is also called symmetric config-
uration because the angle of incidence w and that of detection 6 are always kept
equal, as it is depicted in figure Figure 3.3(a). In this case, the deflection angle
of the incident X-ray beam is 26. In the Bragg-Brentano configuration, the con-
structive interference is obtained only for set of equivalent planes parallel to the
sample surface. A very interesting configuration is also the Grazing Incidence X-
ray Diffraction (GIXRD) one, which is also called Thin-Film configuration since it
allows to have a larger contribution in the signal from the crystallographic planes
closer to the sample surface. In particular, this is achieved by keeping an angle of
incidence w fixed and at very low angles during the whole w-26 scan, as it is shown
in Figure 3.3(b). Obviously, the incidence angle must be larger than the angle that
leads to total reflection and the detection angle is varied keeping it always larger
than the one of incidence. The result is that only crystal planes which are not

37



Characterization methods

parallel to the sample surface give a contribution to the diffraction signal.

a) XRD b) GIXRD

X-rays Detector ‘ Detector

Figure 3.3: Schematic representation of the XRD(a) and GIXRD(b) measurement
configuration [32].

As already stated, the contribution to the signal at the detector comes mainly from
the crystallographic planes closer to the sample surface. In particular, considering
a thin-film sample deposited on a silicon substrate hit by an X-ray radiation at an
angle w, as depicted in figure Figure 3.4, the depth of material contributing to the
signal is given by:

d=¢-sin(w) (3.5)

where ¢ is the penetration depth of the X-rays in the material, which can be defined
as the distance travelled by the X-ray beam in the sample before seeing its intensity
reduced by a factor 1/e [32].

Thin film

Si substrate

Figure 3.4: Schematic representation of the X-ray penetration in a thin-film sample
during a GIXRD measurement.

The result of the XRD or GIXRD measurement is a diffraction pattern showing
the intensity of the detected beam as a function of the angle of detection 6, or 26.
The presence of a peak in the pattern is related to a particular crystallographic
plane present in the sample, whose identification is reached through the compari-
son with the angular positions of diffraction peaks reported in databases. Examples
of diffraction patterns are provided in Figure 3.5, from which the crystallographic
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phase of the sample can be determined.
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Figure 3.5: a) GIXRD pattern of a 75 nm titanium oxide sample deposited on
various substrates [32]. b) XRD pattern of tin dioxide (SnOs) thin-film deposited
at 420 °C [33].

In Figure 3.5(a), the blue curve is typical of an amorphous sample, whereas the
green and red ones identify monocrystalline samples. On the other hand, Figure
3.5(b) shows an XRD pattern that identifies a polycrystalline sample since peaks
that belongs to different crystallographic orientations are observed. Moreover, Fig-
ure 3.5(a) shows that with XRD and GIXRD it is possible to observe the influence
of the material substrate on the layer grown on top.

From the diffraction peak width the average grain size D can be also determined
by means of the Sherrer formula:

0.9-A

D—__ 7
A 20 - cos(0)

(3.6)

where A is the wavelength of the incident X-ray beam; A is the full width at half
maximum (FWTH) of the peak and 6 is the diffraction angle.

The diffractometer used is a Bruker D8 Discover with a Cu K, radiation source
at a wavelength A=1.54184 A and a scintillator as detector. All the measurements
were performed with operating parameters of 50 kV and 50 mA at the X-ray gen-
erator. Once the XRD data are acquired, the background noise is removed with
the software DIFFRAC.EVA V5.2 and then a deconvolution of the XRD profile in
the characteristic peaks is necessary. This is performed with Origin 2018 software
which allows the deconvolution of the XRD profile into Gaussian functions accord-
ingly to the theoretical sample curve and formula of the Gaussian fit reported in
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Figure 3.6. Finally, the peaks are indexed using the open-access databse Materials
Project [34].
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Figure 3.6: Sample curve and formula of the Gaussian fit used in the Origin soft-
ware.

3.1.2 X-ray Reflectivity (XRR)

X-ray reflectivity (XRR) is a non-destructive technique for investigating structural
parameters such as density, thickness and roughness of a multilayer film.

The diffractometer is operating in the symmetric 6-26 configuration and the mea-
surement is based on an incident X-ray at a grazing angle §. The X-ray beam
is partially reflected off the sample and partially transmitted, as it is shown in
Figure 3.7(b). Since the transmitted electromagnetic waves undergo reflection at
each interface in the sample, the reflectivity signal is constituted by oscillations,
called Kiessing Fringes, which result from the interference of X-rays reflected at the
different interfaces between the layers in the sample. Finally, the reflected X-ray
beam is collected by a detector and its intensity is measured.

b)

Diffused reflections specularly reflected

4 [4

Refracted wave

Figure 3.7: a) Schematic representation of the XRR measurement configuration
[32]. b) Refraction and reflection of an incident X-ray beam on the material surface

[35).

Total reflection is obtained when the X-ray beam is incident on the sample surface
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at an angle smaller than the critical angle #.. This corresponds to the maximum
of the X-ray reflectivity signal; instead, the signal decreases rapidly increasing the
incidence angle # above the critical one, as it is illustrated in Figure 3.8.

< &

A) Incident angle < Total reflection critical angle
All incident X-rays are reflected.

M

6= 6c

Reflectivity (I/1,)

B) Incident angle = Total reflection critical angle
Incident X-rays propagate along the sample
surface.

0 0.2 0.4 0.6 0.8 1
Incident angle (deg.) 0
Sem—— 0

0> 6

C) Incident angle > Total reflection critical angle
Incident X-rays penetrate into the material by
refraction

Figure 3.8: Reflectivity curve of a Si sample [35].

The X-ray reflectivity curve is used in order to acquire information on different
structural parameters of the sample. In the example provided in Figure 3.9(a), the
X-rays reflected from a gold (Au) film surface interfere with those reflected at the
interface between Au and the silicon (Si) substrate, resulting in the typical oscilla-
tions in the X-ray reflectivity curve. The period of these oscillations is reduced by
increasing the thickness of the film.

Figure 3.9(b) describes the effect of the thin-film density on the X-ray reflectivity
curve. In particular, it is possible to observe that, considering films having the
same thickness, the amplitude of the Kiessing Fringes and the critical angle for
total reflection are influenced by the density of the film. The larger it is the density
of the thin-film, the greater it results the total angle of reflection. On the other
hand, the amplitude of the oscillation is larger, the bigger it is the density difference
between the film and the substrate.

The surface roughness is another structural parameter that can be extracted from
an X-ray reflectivity curve. In Figure 3.9(c), it is indeed possible to observe that
the decay rate of the curve is much faster, the more rough it is the surface.

41



Characterization methods

Information on interface roughness can be also obtained from the curve. In the
example provided in Figure 3.9(d), it is clear that the amplitude of the oscillations
increases with decreasing interface roughness.
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Figure 3.9: a) X-ray reflectivity curve of Au film grown on Si substrate [35].

b) X-ray reflectivity curves of 20 nm Au, Cu and SiO film grown on Si substrate
[35].

c) X-ray reflectivity curves of Si substrates with two different values of surface

roughness [35].
d) X-ray reflectivity curve of Si substrates with different interface roughness [35].

In order to finely extract all these information on the layer or multilayer structure
under investigation, the X-ray reflectivity curve obtained experimentally is com-
pared with a theoretical one. The theoretical curve is built through the software
Leptos 7 on a model of the layered structure of the sample. The optimal structural
parameters are hence identified like those which minimizes the residuals between
the measured and calculated reflectivity curves.
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3.1.3 Circular Transfer Length Method (CTLM)

Linear Transfer Length Method (TLM) is a characterization technique based on
two contacts test structures defined on a layer under investigation. It is used
to estimate the contact resistance and the specific contact resistance between the
metal contact and layer underneath. It exploits the linear relationship between
the measured resistance value and the gap spacing of the contacts. However, it
is also particularly useful to estimate the sheet resistance (Rgp,) of the layer under
test, from which the resistivity (p) of the material can be extracted knowing the
thickness ¢ of the layer:

p = Rsh -t (37)

The technique is very powerful also because of its simplicity, since the test structures
can be fabricated with only one lithographic step and lift-off. On the other hand,
TLM tends to suffer from the spreading of the current between the contacts due to
current crowding [36]. In order to overcome this issue, each test structure is made
as a circular contact, separated from an external one by a ring-shaped gap, as it is
depicted in Figure 3.10.

a) b)
i Metal contact

. Layer under test
: : Substrate

Figure 3.10: a) Cross-section and top view of the CTLM structure. R; and R, are
the radii of the inner and outer disc contact, respectively, and S is the gap spacing,
which is variable. b) Top view of four CTLM test structures with different gap
spacing. Partially redrawn from [36].

A four-point-probe measurement is performed in order to compensate for losses due
to probe contacting [36]. As it is possible to observe in Figure 3.11, a current is
forced between the two metal contacts all the way through the intermediate layer,
and a voltmeter is used to measure the voltage drop between the two contacts.
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l—@—l

Metal contact
7 Layer under test
7] Substrate

Figure 3.11: Schematic of CTLM four-point-probe measurement principle.

The value of the measured resistance Rr is hence given by the sum of the resistance
of the intermediate layer Ry, and that of each contact R¢:

Rr =2R¢c + Rlayer (38)

The resistance of the layer under investigation Ry, depends on the gap spacing
between the contacts, hence different test structures are measured and the curve of
the total resistance Ry is plotted as function of the gap spacing (see Figure 3.12).
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Figure 3.12: Total resistance plotted versus gap spacing before (with circles) and
after (with squares) applying the correction factors [36]. Redrawn from [36].

The measured curve is clearly nonlinear, thus correction factors must be applied
in order to linearise it and to extract the useful information. In particular, the
following parameters can be extracted from the linear fit:

e The contact resistance 2R¢ is extracted from the intercept with the vertical
axis.
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e The normalized contact resistance is obtained multiplying the contact resis-
tance by the contact area.

e The transfer length Ly is obtained as half of the intercept with the x-axis
Lx. It is expressed in micrometers and the smaller it is, the better the ohmic
quality of the contact is [36].

o The sheet resistance Ry, of the layer below the metal contacts is obtained by
multiplying the slope of the linear fit by the area of the inner circular contact.

o The resistivity p of the layer underneath the metal contacts is computed mul-
tiplying the sheet resistance R, by its thickness.

o The specific contact resistance is calculated from the multiplication of the
sheet resistance R, and the transfer length Lp.

The correction factors that allow the linearisation of the fitting curve are derived
by the formulation of the resistance between the two circular contacts [37]:

Rsh
2

Ry 1 1

Ry = L —
T nR2—5+ T(R2—8+R2

[l

)] (3.9)

where Ry is the radius of the outer circular contact and s is the gap spacing.
Considering a radius of the inner contact R; much larger than the gap spacing s
and Ry = Ry + s, the Taylor expansion can be applied:

. Rsh
N 27TR1

RT [S + 2LT] - C (310)

where the correction factor c is expressed as:

Rl Rl + s
c=—In(

S R1

) (3.11)

The correction factors ¢ are hence defined by the sizing parameters of the test
structures.

The measurements have been performed using a Cascade semi-automated probe
station with B1500A semiconductor parameter analyzer.

3.2 Electrical characterization

In this section the electrical characterization techniques used for assessing the per-
formances of the developed ReRAM are presented. In this regard, quasi-static
measurement and pulsed measurement are described. Finally, Impedance Spec-
troscopy technique, which allows for a modelling of the ReRAM, and the setup
used during this kind of measurements are presented.
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3.2.1 Quasi-static Measurement

A quasi-static or direct-current (DC) measurement of a ReRAM device consists of
[-V sweeps in which voltage stimuli are applied to the two-terminal device and the
current passing through it is measured. The current value measured by a parameter
analyzer reflects the change in the resistance state, since a larger current is mea-
sured when the resistance of the device is low, whereas a small value is observed if
the device is in high resistance state.

Two measurement configurations are considered for the I-V sweeps, and they are
shown in Figure 3.13 for a vertical device. These two measurement configurations
allow to perform the three main I-V sweeps required for the quasi-static program-
ming of the memory cell: electroforming, reading of the resistance state and switch-
ing cycles. In all the three cases the voltage is applied between the TE, which is
contacted by a tip moved through a positioner, and the BE, which is connected
to ground with the chuck contact that holds the device with a strong vacuum. In
each case, the quasi-static voltage sweep is performed by fixing a value for the stop
voltage of the sweep and, then, starting from 0 V a voltage level is applied to the
device for 100 ms of hold time till reaching the stop value. The number of volt-
age levels during the sweep has been kept equal to one hundred points per sweep.
Moreover, the sweep is bidirectional which means that the stop voltage is reached
in one hundred voltage steps and then the same steps are retraced going backwards
till 0 V. All these settings are defined in a LabVIEW command window and they
are applied to the semiconductor parameter analyzer (Agilent 4155C") through a
General Purpose Interface Bus (GPIB) connection. The LabVIEW interface is also
used to visualize in real time the measurement.

The main difference between the two configurations is the presence of a 10 k2
series resistor which is directly soldered on the tip for the electroforming case, as
it is shown in Figure 3.13. This resistor allows to limit the voltage drop on the
device during the electroforming step, thus preventing it from an hard breakdown
condition. The working principle is the same of a current compliance set by the
parameter analyzer, but it is much more efficient than the latter because it acts
faster being very close to the device under test. A mechanism to limit the voltage
drop on the device in this step is fundamental since the maximum voltage applied
during electroforming is quite high if compared to the usual voltage levels used for
the device programming, reaching even some volts. Obviously, a current compli-
ance can be additionally set by the parameter analyzer if required.

The configuration shown in Figure 3.13 without any resistor soldered on the tip,
instead, is used for performing the SET and RESET transitions and the reading
of the resistance value of the vertical ReRAM device. In the case of the I-V sweep
for programming the devices, the stop voltage is set in order to achieve a certain
resistance value, but avoiding to break the device itself. Instead, the reading I-V
sweep is always performed up to 0.25 V and the resistance value is read as the
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ratio between 0.2 V and the current measured at this voltage. The choice for a
stop voltage equal to 0.25 V is due to the fact that it is sufficiently small to do
not modify the device state during the reading, but it is also enough to obtain an
acceptable current level measurement from the parameter analyzer. To access the
endurance of the devices, several cycling steps are also performed. In this case the
device is forced to change its state between HRS and LRS, and viceversa, by sim-
ply alternating for a defined number of times the RESET and SET programming
sweeps.

Connector plate .

Triaxial to SSMC cable

Commands

. LabVIEW Interface
Positioner

Triaxial cable

r 1
! Output - Electroforming  Output — State reading  Output — Programming sweeps)

i~

Figure 3.13: Schematic representation of quasi-static electrical characterization con-
figuration in the case of electroforming, reading of the resistance state and switching
cycles for a vertical device.

Programming sweeps & State reading

Figure 3.14 shows the two possible setup configurations for quasi-static program-
ming of planar devices. In this case, the chuck is left floating during all the I-V
sweeps and it is used just for keeping the chip in place through a strong vacuum.
Instead, the device is contacted at both TE and BE with tips. However, because
of the current overshoot due to the inductive contribution of the cables, as well as
the absence of the parasitic resistive contribution of the chuck, additional protec-
tions to the device are required with respect to the case of vertical ones. During
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elctroforming this consists in using a tip with a soldered 100 k2 series resistor for
contacting both TE and BE. On the other hand, during standard programming and
reading of the state only a 10 k{2 series resistor at the BE is required to guarantee
the device protection because of the smaller voltage applied to the device.

For completeness, it is mentioned that for the planar devices measurement a dif-
ferent quasi-automated probe station is employed with respect to the one used for
measuring the vertical devices. The parameter analyzer used for the setup depicted
in Figure 3.14 is an Agilent B1500A.
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r 1
Output - Electroforming  Output — State reading  Output — Programming sweeps;
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Figure 3.14: Schematic representation of quasi-static electrical characterization con-
figuration in the case of electroforming, reading of the resistance state and switching
cycles for a planar device.
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3.2.2 Pulsed Measurement

ReRAM devices can emulate the behaviour of biological synapses if they are pro-
grammed by sending pulses with a defined amplitude and time characteristics, as
already mentioned in Section 1.1. This kind of programming is the objective of
pulsed measurements, also called Alternating-Current (AC) measurements. The
schematic of the setup used for this kind of electrical characterization technique is
shown in Figure 3.15.

50Q - Fioaxial cable

LabVIEW Interface

Oscilloscope V

Figure 3.15: Schematic representation of the pulsed measurement characterization
setup.

A software interface in LabVIEW is used to both send the commands to the arbi-
trary waveform generator (16-Bit 400 MS/s NI PXIe-5451), as well as for displaying
the result of the measurement performed with an oscilloscope (400 MHz NI PXIe-
5164). Coaxial cables (RG-316) are used to apply the signal to the device. In
particular, the device is contacted from the top by two probe tips while the BE is
contacted by the chuck to which it is stuck by a strong vacuum.

Before performing the measurement, in order to check that the tips are well in
contact with the device, a signal is applied by the waveform generator and the
channel 1 of the oscilloscope is used to read. The read signal should be almost the
same as the applied one if the contact is good. The signal applied by the waveform
generator is a square wave with a peak to peak amplitude A,, of 200 mV in order
to do not modify the device state during this step.

Once the contact is checked, the actual measurement can start by applying squared
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voltage pulses at the TE. In particular, Figure 3.16(a) and (b) displays the theoret-
ical shape of the positive and negative voltage pulses, respectively. The parameters
that can be controlled in these pulses are the voltage amplitude Vgppiitude and the
time window fyindow- In the time window the values of the delay time tgq, of the
pulse start and the duration of the pulse ;4 can be chosen.

After the application of each pulse, the resistance state of the device must be deter-
mined. This is done applying to the device the sequence of four pulses depicted in
Figure 3.16(c) at a fixed voltage of 200 mV and averaging the resistance measure-
ment done through each of them. This read measurement is performed by dividing
the voltage drop on the device by the current that flows into it.

a) Voltage [V] b) 4 Voltage [V]

twinclow

V,

amplitude| ™"

Ldelay twidth
. >

...... S S Time [us] Time [us]

V,

~Vamplitude

twindcw

c) Voltage [V]

0.2

10 19 30 39 39.5
0.5 9.5 20 29 Time [us]

-0.2l----------

Figure 3.16: Schematic representation of the positive (a) and negative (b) voltage
pulses, as well as the reading sequence of a pulsed measurement (c).

3.2.3 Impedance Spectroscopy

The impedance (Z) is an electrical parameter usually used to characterize electrical
components. It can be thought as the opposition provided by the electrical com-
ponent to an AC current with a defined frequency. The impedance is a complex
number and thus it can be graphically represented by a vector in the plane of its
real (R or Z’) and imaginary (X or Z”) part. A polar form representation (|Z| and
©) is hence also possible, as it is shown in Figure 3.17.
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Figure 3.17: Schematic representation and mathematical expressions of the
impedance as a vector plane.
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Figure 3.18: Bode plots of the planar and polar components (a) of the impedance
of a capacitor C, which is modelled with the parasitics contributions R, and Rs.
The Nyquist plot of the component is shown in (b).

A standard way to present the impedance data is to use a Bode plot of its polar
and planar components (see Figure 3.18(a)) or a Nyquist plot in which the imagi-
nary part is plotted as function of the real one (see Figure 3.18(b)). In the latter,
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the larger it is the frequency at which the data are recorded and the closer they
are to the origin of the graph. An example of this two representations is provided
in Figure 3.18, where a capacitor C, is modelled with the contribution of both a
leakage resistance R, and a series one Rs.

Based on the concept of complex impedance, Impedance Spectroscopy is a powerful
technique used for investigating the electrical properties of materials and devices
over a frequency range. Historically, it has been largely applied for studying elec-
trochemical batteries, solar cells and even gas sensors [38][39]. Only recently, the
huge potential of the technique has been applied to the study of ReRAM devices
[40][42]. Indeed, Impedance Spectroscopy is a powerful as well as simple tool that
can be used to measure in a cheap and non-destructive way devices if compared
to other techniques, such as Transmission Electron Microscopy (TEM) combined
with Energy-Dispersive X-ray Spectroscopy (EDS) [40]. In particular an equivalent
electrical circuit (EEC) of the ReRAM device in each different states can be built
and the contributions of the different regions of the sample can be decoupled. An
example of the EEC of a Ti/HfO,/Pt ReRAM in LRS and HRS is provided in
Figure 3.19.

a) b)
1.0p HRS
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= - 05 R
N
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0} PLD-HfO, [ PLD-HfO,
20 40 60 0 1 2
7' (Q) 7' (kQ)

Figure 3.19: Example of the Nyquist plot and EEC of the LRS and HRS in a
Ti/HfOo/Pt ReRAM, in which HfO, is grown by Pulsed Laser Deposition (PLD)
technique [40].

The Impedance Spectroscopy measurement consists in the application of an AC
test signal (to which a DC bias may be superimposed) generated by an oscillator
to a device-under-test (DUT) and in measuring the voltage drop on it Vy with a
voltmeter, as well as the current that flows into it I, with an ammeter. The ratio
between the two gives the complex impedance data. In this work, a four-terminal
configuration is used to get rid of the unwanted parasitics that can have a huge im-
pact on the measurement, especially at high frequency. For this reason, four coaxial
connections through RG-316 cables are defined between the DUT and the tool used
for the impedance measurement (a precision LCR meter HP 4284A connected to a
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LabVIEW interface with GPIB connection):
e Hq: High current terminal;
o Hp: High potential terminal;
e Lg: Low current terminal;
o Lp: Low potential terminal.

As it is possible to notice from Figure 3.20, the outer shield conductors of the
coaxial cables allow for a return path from the current signal without generating
any inductive magnetic field, thus ensuring a more accurate measurement of both
low and high impedances. Moreover, an Auto Balance Bridge configuration is
used to compensate for the capacitive contribution of the cables by holding the Lp
terminal to virtual ground, since the current that flows into the feedback of the
operational amplifier is equal to the input current, which is the one flowing into
the DUT.

Zpyr =

x

Virtual Ground =0V

Output resistor | |
100 0 [ Ammeter
1 DUT . }

= T

Oscillator >|_|——, )I
|
()

¢ System Ground \\_//

Auto Balance Bridge

Figure 3.20: Schematic of the four-terminal measurement principle with auto bal-
ance bridge. Redrawn from [41].

In order to further improve the measurement accuracy the OPEN and SHORT
corrections, as well as a Cable length one, are used to get rid of the contact resistance
and of the crosstalk contribution due to the small distance between the tips used
to contact the device.

A Printed Circuit Board (PCB) has been designed in order to perform a detailed
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study of the setup with the final goal of determining the best device configuration,
as well as optimal parameters to measure it. This study is presented in Section
B.1. In Section B.2 instead, a deep explanation on how the measurement data of
the complex impedance are fit to obtain the EEC model is presented.
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Chapter 4

Results and discussion

4.1 Conductive Tantalum Oxide development

This section is dedicated to the development of conductive TaO, with tunable
resistivity using DC reactive magnetron sputtering technique. First, a description
of the most critical parameters of the thin-film deposition technique is provided,
as well as the strategy adopted to control them in order to obtain a TaO, with a
proper conductivity. A second part of the section is then dedicated to the material
characterization. The material properties that have been assessed are the crystalline
phase by means of GIXRD, the density and material deposition rate through XRR,
as well as the sheet resistance and resistivity of the films obtained with CTLM
measurements.

4.1.1 Material deposition

The final goal of the deposition process was to obtain a conductive TaO, layer with
tunable conductivity in order to substitute the metallic scavenging layer in baseline
technology. As already mentioned in Section 1.3, this approach allows to further
control the oxygen vacancies distribution thus enabling for a more gradual resis-
tive switching behaviour. However, the deposition of a substoichiometric material
needs an extreme control over the parameters of the sputtering tool to obtain the
desired properties [4]. In this regard, the reproducibility of the proposed deposition
process is highly affected by the conditions of the chamber and of the target, with
the pressure of the sputter tool that can be used as a knob for the fine tuning of
the material resistivity.

The base pressure of the sputtering chamber was kept lower than 5 pbar in order to
ensure a good vacuum and to reduce the concentration of impurities in the chamber
before the deposition of the layers. Since the TaO, layer can be deposited starting
from a metallic tantalum target, DC reactive magnetron sputtering has been cho-
sen for the deposition. Before depositing the layer, a target cleaning was required
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to remove any possible contamination or thin oxide layer from the target surface,
since for our tool targets are usually stored in regular ambient and therefore they
are exposed to air before being mounted in the chamber. This is a crucial step in
order to ensure the reproducibility of the deposition. It consists of two minutes of
pre-sputtering and then thirty minutes of sputtering of the target at a DC power
of 200 W, a pressure of 6 pbar and a plasma generated with a constant flow rate
of 20 sccm of Ar. The pre-sputtering step is performed with a shutter covering the
sample and the reason for this step is to let the tool reaching the stable parame-
ters for a deposition, or a cleaning in this case. After this step, the base pressure
in the chamber tends to reach smaller values on the order of tenths of pbar, thus
confirming the importance of the step to define the clean environment in which the
deposition will occur.

All the conductive TaO, layers were deposited keeping the substrate at room tem-
perature and fixing the value of the DC power to 50 W. This very low value of
the power results in small deposition rate of the material because the Ar ions are
accelerated with less energy towards the target, sputtering away a smaller number
of atoms. On the other hand, it is crucial to give time to the oxygen to react with
the sputtered atoms thus allowing for the deposition of tantalum suboxides. More-
over, if the deposition power is increased, the energy of the species arriving to the
substrate can be high enough to remove weakly bounded oxygen atoms favouring
the deposition of a too conductive sample [43].

During the deposition process, the oxygen to argon flow ratio was kept fixed to a
low value, with 1 sccm of Oy and 40 scem of Ar respectively. If the concentration of
oxygen in the chamber would be too high, the target surface could oxidise leading
to the deposition of an insulating material with an associated drop down of the
deposition rate. This effect is known as target poisoning and it is accompanied by
the sudden drop in discharge current related to the increase in the partial pressure
of oxygen [44].

The pressure of the chamber during the deposition is then used as a knob to finely
tune the resistivity of the deposited TaO,. The importance of this parameter is
extensively discussed in literature. In [45] it is explained how the deposition of
substoichiometric TaO, films in a controlled manner can only pass through the
monitoring of the partial pressure of the gaseous species in the chamber rather
than their flow rate. Since the tool used for our experiments does not allow for
the control of the partial pressures, but only of the flow rate of the gasses, not all
stoichiometries could be obtained within the explored deposition recipes. On the
other hand, the conductive TaO, layers can be obtained considering the range in
which the reactive gas flow is proportional to the partial pressure of the reactive gas
reported in [45]. In this region, keeping a constant flow rate of O, the increase of
the total pressure in the chamber results in an increase in the concentration of the
reactive gas, and a consequent larger probability of interaction between the sput-
tered atoms and the reactive species. The material characterization that follows
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clearly shows that a more resistive film is obtained by increasing the pressure in
the chamber.

The deposition of the TaOy layers with different resistivity presented in this section
were performed all in the same day. Prior all depositions, a target cleaning of five
minutes and two minutes of pre-sputtering were performed. Additionally, to further
ensure the interdependency of the depositions, between two sputtering processes a
target cleaning of only five minutes at the conditions of the first longer one was
performed.

4.1.2 GIXRD: crystallographic phase diagram

In this subsection it is shown the impact of the chamber pressure during growth on
the crystallographic phase of TaO, films. Six TaO, samples have been deposited
keeping the DC power (50 W) and the Ar and O flow rates (40 sccm and 1 scem
respectively) constant, but varying the pressure(Pgep) between 6 pbar and 11 pbar,
in steps of 1 pbar. The deposition time was fixed to the value of 200 s in order to
have a comparable nominal thickness of 30 nm.

—— TaO, at Pye, = 11 pbar

—— Nominal Fm3m [225] TiN

— TaO0, at Py, = 10 pbar —— Nominal P6,/mmc [194] TaO;
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Figure 4.1: Background subtracted GIXRD scans (w=0.65°) of TaO, layers de-
posited at pressures (Pqep) from 6 pbar up to 11 pbar on HfO,/TiN/Si substrates.
The nominal peak positions of the various TaO, stoichiometries, Ta and TiN are re-
ported from the reference database [34], with the correspondent Hermann-Mauguin

space group. Only peaks with an intensity larger than 30% are indexed for clarity
of the representation.
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Figure 4.2: Gaussian deconvolution of the GIXRD peaks in the pattern of the TaO,
sample deposited at different pressures (6 pbar (a), 7 pbar (b), 8 pubar (c), 9 pbar
(d), 10 pbar (e), 11 pbar (f)) on HfO,/TiN/Si substrate.

In order to have a material growth as close as possible to the one of the actual
layers that will be then embedded into the bilayer ReRAM devices, the deposition
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of the TaO, was performed on 6 nm of HfO, and 20 nm of TiN grown by PEALD
on top of a standard 500 pm thick Si substrate. The impact of the substrate ma-
terial during the growth is analysed in Section A.4, where the growth of one of the
samples on top of a PECVD deposited SiO, is reported.

After the deposition of each layer, an ex situ GIXRD scan (w — 20) was performed
fixing w=0.65° and varying 20 between 20° and 50° in steps of 0.02°. The time per
step was fixed to 10 s. The background subtracted raw data of the GIXRD pattern
is shown in Figure 4.1.

Several peaks are detected. The peak at 42.5° is attributed to the (2 0 0) reflection
on the TiN layer underneath [34]. Instead, the broader peak between 28° and 41° is
attributed to the upper layer of TaO,, which is crystalline. The typical amorphous
bump between 20° and 30° is not detected in the set of samples. The nominal peak
positions of the various TaO, stoichiometries, Ta and TiN, accounting form more
than 30% of the intensity, are reported in Figure 4.1 from the reference database
[34], with the correspondent Hermann-Mauguin space group.

The broad peak originates from the superposition of multiple contributions that
are deconvoluted with Gaussian functions, as shown in Figure 4.2.

Two main contributions are identified and they can be attributed to the (1 2 1)
peak of orthorhombic TayO5 (light blue) and to the (4 1 0) peak of tetragonal Ta
(red). The peak deconvolution highlights that the Ta peak dominates in the sample
deposited at 6 pbar, but increasing the oxygen content in the chamber, the TayO5
peak intensity grows till overcoming the Ta one, thus indicating that more oxygen
is incorporated in the Ta lattice when sputtering at high pressures, in agreement
with a previous study [46]. This result is further corroborated by the reduction of
conductivity in the samples grown with increasing chamber pressure, as reported
in Section 4.1.4.

The presence of additional peaks to the main ones suggests the coexistance of mul-
tiple Ta-O sub-stoichiometries in the deposited layer. Therefore, the precise com-
position of the TaO, samples cannot be immediately determined by solely looking
to the XRD pattern. A more detailed material analysis through alternative tech-
niques such as X-ray Photoelectron Spectroscopy (XPS) would be required.

The deconvolution of the diffraction peaks shown in Figure 4.2 underlines also the
presence of two peaks associated to the (11 1) and (2 0 0) planes of cubic TiN phase
which is hence sampled during the measurement. No peaks attributed to crystalline
HfO, are found, confirming the expected amorphous nature of this layer.

The agreement of the showed results with those obtained in the reference [46] is
further stressed by the tetragonal § phase of the tantalum sample deposited with
the used DC magnetron sputtering tool, which is reported in Section A.1.
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4.1.3 XRR: density and deposition rate as function of the
chamber pressure

In order to assess the thickness and the density of the deposited TaO, films, an
XRR scan has been performed for each sample after deposition. The scans were
performed varying 20 in the range 0° to 10° in steps of 0.01°. The integration time
in each step was fixed to 1 s. The raw data and the simulated XRR curves are
shown in Figure 4.3. The values of the fitting parameters are summarized in Table
4.1 for all the samples.
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Figure 4.3: XRR experimental patterns (black line) and corresponding simulated

curves (coloured line) for the six TaO, samples deposited at Pge, from 6 pbar to
11 pbar. The inset shows the simulated stack.
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Pgep = 6 Hbar Pyep = 7 Hbar Pgep = 8 pbar

\WEILIEIMM Thickness Roughness Density [FThickness™ "Roughness  —Density" " Thickness | Roughness | Density
[nm] [nm] [g/cm?] [nm] [nm] [g/cm?] [nm] [nm] [g/cm?]

25.2 1.0 11.6 26.8 11 11.0 26.5 1.1 10.9

2.2 1.2 9.3 1.8 1.1 9.3 1.5 1.1 9.3

5.7 0.4 9.0 5.7 0.8 9.0 5.7 0.5 9.0
1.7 1.0 1.8 1.7 1.0 1.8 1.7 1.1 1.8
18.8 0.8 5.3 18.8 0.9 5.3 18.8 0.8 5.3
1.6 0.3 2.4 1.3 0.4 2.4 1.5 0.4 2.4

= Pgep = 10 pbar Pgep = 11 pbar
Material Thickness Roughness Density Thickness Roughness Density
[nm] [nm] [g/cm?] [nm] [nm] [g/cm?]
T-TaO, 26.6 1.1 10.7 4.1 1.2 9.9
B-TaO, 2.3 1.2 8.6 2.2 1.0 8.5
HfO, 5.7 0.5 9.0 5.7 0.7 9.0
TiN,O, 1.7 0.9 1.8 1.7 1.1 1.8

TiN 18.8 0.9 5.3 18.8 0.8 5.3
sio, 1.8 0.3 2.4 1.6 0.4 2.4

Table 4.1: XRR fitting parameters of the TaOy layers deposited on HfO,/TiN/Si
substrate at Pgep from 6 pbar to 11 pbar.

The simulated curves in Figure 4.3 follow very well the experimental reflectivity
curves. The reliability of the analysis is also strengthened by the agreement be-
tween the measured and nominal thickness of the HfO, and TiN layers, which are 6
nm and 20 nm, respectively. Moreover, the density of the TiN agrees with the one
of the cubic phase reported in the database [34], while for HfOy a good agreement
is found with the value reported in literature for the material grown by a similar
PEALD process [47].

The simulation of the multilayer stack highlights the formation of a thin layer of
about 1.7 nm at the interface between HfO, and TiN. This layer is attributed to
a partial oxidation of the TiN interface in the ALD tool when the deposition of
HfO, starts [48]. The presence of this interfacial layer is also observed in the Trans-
mission Electron Microscopy (TEM) image reported in Figure A.4. Moreover, the
TaOy layer cannot be fitted as a single layer but a bottom layer (B-TaOy) of 2 nm
with lower density needs to be added (see Table 4.1), as also confirmed by the TEM
micrograph in Figure A.4. The micrograph also shows that the top layer (T-TaOy)
is characterized by columnar grains while the bottom one shows an amorphous
nature. The presence of an amorphous onset layer when growing a crystalline one
could be explained by the fact that the top layer needs a transition one to accom-
modate its crystalline growth on an amorphous oxide. This hypothesis is supported
by the growth of TaO, on other amorphous oxides, such as SiO,, as it is reported
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in Section A.4.
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Figure 4.4: Density of both T-TaO, and B-TaO, layers as function of the deposition
pressure. In the inset the layer stack is shown.
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Figure 4.5: Deposition rate as function of the deposition pressure for TaO, samples.
In the inset the layer stack is shown.

Figure 4.4 shows the evolution of the density of both T-TaO, and B-TaO, layers
as function of the deposition pressure. In both cases, the density decreases by in-
creasing the deposition pressure. This can be explained considering that increasing
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4.1 — Conductive Tantalum Oxide development

the chamber pressure generally implies also an increase of the partial pressure of
the reactive species. Thus, more oxygen is incorporated in the layers during the
deposition making the material more oxidized and less dense.

The thickness of the layer is also influenced by the value of the pressure. Suppos-
ing a linear deposition rate for the material and considering the thickness of the
TaO, layer as the sum of those of top and bottom layer, the deposition rate as
function of the pressure can be represented in Figure 4.5. The hypothesis of the
linear deposition rate is supported by the cross-sections in Figure A.4 and Figure
A.5, showing the measured thickness of about 20 nm and 30 nm for a deposition
time respectively 167 s and 200 s in the TaO, deposited at 9 pbar.

Figure 4.5 shows that the deposition rate is almost constant at the value of 0.14
nm/s for the samples that are deposited at a pressure up to 10 pbar; whereas at 11
nbar the deposition rate drops drastically down to about 0.03 nm/s. At this higher
pressure, a drop in the discharge current could also be observed on the tool and it
is due to the too high oxygen partial pressure, which explains the insulating nature
of this last sample with respect to all the others (see Section 4.1.4).

4.1.4 CTLM: sheet resistance and resistivity as function of
the chamber pressure

CTLM is a very powerful technique also because of the simplicity in defining the
structure of the contacts on the sample, which can be done with only one litho-
graphic step and lift-off, as already mentioned in Section 3.1.3. In particular, the
processing of CTLM structures is the following.

Cross-section of the sample Explanation of the processing step

The starting substrate is a standard 500

Si + native oxide pm thick Si on top of which one or two
nanometers of native SiOy are usually
grown. There is no need to remove this
SiO4 layer since the CTLM structures are
contacted from the top.
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HfO,
'TiN
[ Si + native oxide

I W 720,
HfO,
'TiN
[ Si + native oxide

¥ Resist
B Tao,
HfO,
TiN
[0 Si + native oxide

PEALD is used to deposit first 20 nm of
TiN and then 6 nm of HfO5, nominally.
In particular, TiN is deposited at 300
°C alternating Tetrakis-(dimethylamido)-
titan (TDMAT) as metal precursor and
a nitrogen plasma for 260 cycles. Af-
ter, HfOy is deposited at 290 °C us-
ing Tetrakis-(ethylmethtlamino)-hafnium
(TEMAH) as metal precursor and an oxy-
gen plasma alternated for 50 cycles.

The deposition of the TaOy layer is done
by DC reactive magnetron sputtering as
already explained in Section 4.1.1.

1.2 pm of positive polarity resist are spun
on the chip after the deposition of HDMS
as adhesion promoter. A baking step is
then performed at 110 °C for one minute.
Then the resist is exposed by contact pho-
tolithography for 3.6 s using Hg lamp
with an intensity of 11 mW/ecm?. Af-
ter the exposure, the development is per-
formed dipping the chip for 25 s in a so-
lution containing one part of developer
and four parts of de-ionized water, and
then the chip is rinsed with de-ionized
water for one minute and dried with ni-
trogen. In this case it is not strictly re-
quired to spin a bi-layer resist because
the structures to fabricate are simply con-
tacts and, moreover they are quite large
(in the pm range). The typical "ears" ef-
fect of Tungsten (W) expected after lift-
off is minimized using a thick resist, hence
they should not impact the sheet resis-
tance measurement.
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4.1 — Conductive Tantalum Oxide development

W
| Resist
W Tao,

HfO,
TiN
Si + native oxide

I "
[l Tao,
HfO,
TiN
Si + native oxide

50 nm of W are deposited by DC mag-
netron sputtering. The W target is sput-
tered with 120 W of DC power and in
a plasma formed with 20 sccm of argon.
The chamber pressure is kept law to 6
pbar in order to reduce the incorporation
of impurities in the deposited layer.

A lift-off step is performed leaving the
chip for almost 5 minutes into a baker
filled with pure acetone and agitating it
with ultrasound. In order to remove pos-
sible acetone residues, a rinsing with iso-
propanol (IPA) is performed and then the

chip is dried with nitrogen.

To have a much relevant value of the extracted parameters, the above described
CTLM processing considers TaOy deposited on HfO,/TiN/Si substrate. In this
way the material growth of TaOy is the same of the devices. Nevertheless, CTLM
structures were fabricated also on top of 100 nm thick SiO, layer, in order to re-
move any possible contribution from the bottom chuck during the measurement.
The result of these measurements is provided in Section A.6.

Four groups of CTLM structures are defined on the chip to have a larger statistic
on the extracted parameters. Each group includes four columns, which are on their
own split in two sub- ones containing structures with a different radius of the inner
contact (100 pm or 200 pm). For each structure then the gap spacing is varied from
15 pm to 5 pm in steps of 2.5 pm. An example of one CTLM block is depicted in
Figure 4.6.

A current from 1 pA to 10 pA in steps of 1 pA is applied to each structure and the
voltage drop is measured. This value is then divided by the associated current one
to obtain the total resistance. An entire column must be measured to have a full
measurement with the total resistance as function of the gap spacing. Then, the
correction factors are applied and the corrected data are fitted, like in the example
in Figure 4.7. For each sample at least five different columns were measured in
order to have a reliable expression of the sheet resistance (R,) and the resistivity
(p) in terms of mean value and standard deviation.
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Figure 4.6: Microscope image of one group of CTLM test structures. In the insets a
zoom on two structures with a different radius of the inner metal contact is shown,
while the different gap spacings are reported in orange.
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Figure 4.7: Example of fitting of CTLM data taken on a TaO, deposited at 6 pbar
on HfO,/TiN/Si substrate. In this case, the inner radius of the measured structures
is 200 pm.

An example of plot considering all the measured CTLM for one sample is provided
in Figure 4.8, while in Section A.5 it is possible to find the plot for each TaOy de-
posited on a HfO,/TiN/Si substrate, with the exclusion of the one deposited at 11
pbar. The CTLM structures defined on the TaO, deposited at the largest pressure
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4.1 — Conductive Tantalum Oxide development

were not possible to be measured, since the layer did not show an ohmic behaviour
even reducing the current in the nA range. Moreover, increasing the current in the
structures to the pA range, a saturation in the voltage drop to the maximum value
of the parameter analyzer (10 V) was observed. These observations suggest that
the layer has an insulating nature with a sheet resistance in the G{2 range.

—fit: CTLMO1: 100pm
——as measured
—f—corrected
—fit: CTLMO1: 200pm
[—as measured
corrected
fit: CTLMO2: 100um
as measured
corrected
fit: CTLMO02: 200pm
as measured
corrected
fit: CTLMO3: 100pm
as measured
corrected
—fit: CTLMO03: 200pm
as measured
[—corrected
——fit: CTLM04: 100pm
1—as measured
——corrected
——fit: CTLMO04: 200pm
1—as measured
1 corrected

Gap distance [um]

Figure 4.8: Example of fitting of all the CTLM data for the TaO, deposited at 6
nbar on HfOy/TiN/Si substrate.

The computed value of Ry, and p for each layer with the associated standard de-
viation are reported in Table 4.2, while a graphical representation of the evolution
of these values is depicted in Figure 4.9.

Deposition pressure [pbar] | Rg,[k2/0] p [Qum]
6 2.98 £+ 0.27 81.76 + 7.46
7 10.95 £ 0.28 313.16 £ 7.98
8 31.43 £ 4.73 | 880.00 £ 132.4
9 89.95 £ 0.52 | 2561.13 + 14.92
10 172.23 £ 2.02 | 4977.44 £+ 58.31
11 — —

Table 4.2: Sheet resistance Ry, and resistivity p as function of the deposition
pressure for TaO, samples deposited on HfOy/TiN/Si substrate. These values were
not measurable for the sample deposited at 11 pbar.

Figure 4.9 clearly shows that increasing the pressure in the sputtering chamber,
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the R, and p increase both because of a larger oxygen incorporation in the layer.
Interestingly, the TaO, film deposited at 10 pbar has a double resistivity with re-
spect to the one deposited at 9 pbar, even though they are characterized by the
same T-TaO, density. This could mean that also the first nanometers of the TaO,
(B-TaOy) play a role in the definition of the value of resistivity in the sample or
that there is a different distribution of the oxygen content between these two sam-
ples. In both cases the electrical properties of the grown film are impacted in a
non-negligible way. The values of resistivity found for the TaO, samples deposited
on HfO,/TiN/Si substrate are in good agreement also with those of the same thin-
films grown on SiO,/Si substrate, as it is reported in Section A.6. This confirms
that the layer that is actually sampled is the TaOy.
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Figure 4.9: Plot of the sheet resistance R, (a) and the resistivity p (b) as function of
the deposition pressure for the TaO, samples deposited on HfO,/TiN /Si substrate.
Not visible error bars are hidden within the mean value dot.

4.2 Vertical ReRAM devices: processing and de-
vice optimization

In this section, the processing as well as the electrical measurements on the verti-
cal ReRAM devices are presented, with the goal to optimize the bilayer structure
towards the analogue behaviour. For this reason, a first comparison is made consid-
ering the quasi-static measurements on ReRAM embedding a CMO with a different
sheet resistance, and hence resistivity. A further optimization is then obtained by
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varying the thickness of the CMO layer giving to ReRAM the best DC perfor-
mances. The analogue ReRAM technologies among the ones proposed are tested
with pulsed measurements and the linear state variation is demonstrated. Finally,
this section is intended to clarify the impact of the addition of the TaO, in the
stack, hence a comparison with devices having platinum as bottom electrode is also
provided.

4.2.1 Processing of vertical ReRAM devices

ReRAM devices are usually fabricated vertically because of an easier and more
compact integration with MOS transistors with respect to planar ones. The main
steps in the fabrication of vertical ReRAM devices are reported below. It is impor-
tant to notice that the material used as well as the temperature of each different
step are fully compatible with CMOS technology.

Cross-section of the sample Explanation of the processing step

Native Si0, The starting substrate isa 500 pm thick Si
[ Sin++ one doped with arsenic in order to be con-
ductive. On top of it, one or two nanome-

ters of native SiO, are usually grown.

A 10 s dip in a solution containing one
part of BOE and seven parts of de-ionized
water is performed in order to get rid of
the native SiOy on top of the substrate.
This step is fundamental for the good
electrical connection of the device to the
probe station chuck.

PEALD is used to deposit first nominally

20 nm of TiN and then 6 nm of HfO,.

In particular, TiN is deposited at 300

H_fOZ °C alternating Tetrakis-(dimethylamido)-

TN titan (TDMAT) as metal precursor and

a nitrogen plasma for 260 cycles. Af-

ter, HfOy is deposited at 290 °C us-

ing Tetrakis-(ethylmethtlamino)-hafnium

(TEMAH) as metal precursor and an oxy-
gen plasma alternated for 50 cycles.
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B Tao,
HfO, . .
TN The TaO, layer is deposited as already
WS explained in Section 4.1.1.
i n++

20 nm of TiN are deposited by RF reac-
B Tao, tive magnetron sputtering. The titanium
CTiN target is sputtered with 400 W of DC
HfO, power and 100 V of AC bias in a plasma
W Sin++ formed starting from 2 sccm of nitrogen
and 18 sccm of argon. The chamber pres-
sure is kept low to 6 pbar in order to im-

prove the layer purity.

W 50 nm of W are deposited by DC mag-
Bl Tao, netron sputtering. The W target is sput-

HfO, tered with 120 W of DC power and in
TN a plasma formed with 10 sccm of argon.
Also in this case, the chamber pressure is
kept low to 6 pbar in order to reduce the
incorporation of impurities.

W Resist 500 nm of positive polarity resist are spun
on the chip after the deposition of HDMS
W as adhesion promoter. A baking step is
B TaO,  then performed at 110 °C for one minute.
HfO, Then the resist is exposed by laser writing
TN at 45 W and developed. The development
, is done dipping the chip for 25 s in a solu-
W Sint+ tion containing one part of developer and
four parts of de-ionized water, and then
the chip is rinsed with de-ionized water
for one minute and dried with nitrogen.
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An etching step with ICP is performed in

[l Resist order to define the structure of the de-
W vice, called MESA, which is protected by

W Ta0 the resist that remained in place after the
¥ previous step. The etching is performed

HfO, in a plasma generated with an RF power
TN of 1200 W, 18 mbar of pressure and gas
[ Sin++ mixture constituted by 10 sccm of Ny, 15
sccm of SFg and 15 scem of CHF5. The

etching recipe was calibrated by a col-

league in order to have a high selectivity

towards HfO,, thus stopping at this layer.

The resist is stripped dipping the chip in
acetone and leaving it in agitation by ul-
trasound for a minute. In order to remove
possible residues of resist on the chip, it
is first rinsed with IPA and then further
cleaned with an oxygen plasma for one
and half minute. The oxygen plasma is
generated with 50 scem of O, 100 W of
RF power and high pressure (150 mTorr)

HIO, in the RIE tool in order to fix the tem-
TN perature to 20 °C. The pressure in the
chamber is kept high in order to reduce
as much as possible unwanted etching of
the sample. This oxygen step was tested
to do not have any impact on the devices
by quasi-static electrical characterization.

100 nm of SizNy are deposited as passiva-
tion layer using PECVD at a temperature
of 300 °C. The SizNy is deposited with
HfO a deposition rate of 15.6 nm/min from
72 a plasma of 2% of SiH; (120 sccm) and
CTiN Ny (1000 scem), which is generated with
an RF power of 20 W and a pressure of
1000 mTorr. SizN4 was preferred to SiO,
for the absence of oxygen which could be
critical for the resistivity of the TaOx.

w0
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[ Resist
B si:N,
W
B Tao,
HfO,
"TiN
I Sin++

I Resist
M Si.N,
W
B Tao,
HfO,

. TiN
[ Sin++

500 nm of positive polarity resist are spun
on the chip after the deposition of HDMS
as adhesion promoter. The baking step is
then performed at 110 °C for one minute.
Then the resist is exposed by laser writing
at 45 W and developed. The development
is done dipping the chip for 25 s in a solu-
tion containing one part of developer and
four parts of de-ionized water, and then
the chip is rinsed with de-ionized water
for one minute and dried with nitrogen.

In order to open a VIA for the connection
to the TE, an etching step with RIE is
performed. The plasma is generated by
applying an RF power of 100 W and a
pressure of 55 mTorr at room temperature
to a gas mixture composed by Oz (5 scem)
and CHF3 (50 sccm). The resulting etch
rate of SigNy is 37.7 nm/min.

The resist is stripped dipping the chip in
acetone and leaving it in agitation by ul-
trasound for a minute. In order to remove
possible residues of resist on the chip, it
is then rinsed with IPA. No oxygen treat-
ment is required at this step since the RIE
does not produce usually a large resist
burning such the one obtained after the
ICP process.
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B Si:N,
W 100 nm of W are deposited in order to
contact the TE of the device. The depo-
B Tao, N .
sition is performed using DC magnetron
HfO, sputtering with a power of 120 W, 6 pbar

TiN of pressure and 20 sccm of argon. The
[ Sin++ larger argon flow rate with respect to the
previous W deposition is due to the need

to increase the deposition rate since two

times the previous thickness is now de-

posited.
I Resist
M sin, N
W 500 nm of positive polarity resist are spun

on the chip after the deposition of HDMS
M Tao, as adhesion promoter. The baking step is
HfO;  then performed at 110 °C for one minute.
TiN Then the resist is exposed by laser writing
I Sin++ at 45 W and developed. The development
is done dipping the chip for 25 s in a solu-
tion containing one part of developer and
four parts of de-ionized water, and then
the chip is rinsed with de-ionized water
for one minute and dried with nitrogen.
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I Resist
B SiN,

W The contact pads and the outer W shield-
M TaO, ing is defined with a RIE etching of W.
HfO,  This step is also important to isolate the
TiN devices between them. In particular, the
W Sin++ W is etched at a rate of 15.4 nm/min us-
ing plasma generated from Ny (30 sccm)
and SFg (30 sccm) generated with an RF
power of 25 W, a pressure of 35 mTorr

and at room temperature.

B TaO,  The resist is stripped dipping the chip in
HfO, acetone and leaving it in agitation by ul-
TN trasound for a minute. In order to remove
possible residues of resist on the chip, it
is then rinsed with IPA. No oxygen treat-
ment is required at this step since a RIE
process was performed for the ectching.
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Devices with different sizes have been fabricated: (60 x 60) pm?, (30 x 30) pm?,
(12 x 12) pm? and (6 x 6) pm?. In particular, a microscope image of (6 x 6) pm?
devices is provided in Figure 4.10.

Figure 4.10: Microscope image of (6 x 6) pm? devices. In the insets a zoom on a
single device and one on the overlap between the VIA and the MESA are shown.

4.2.2 Impact of the conductivity of TaO, layer on ReRAM
quasi-static performances

In Section 4.1 it has been shown how it is possible to obtain TaO, layers with a
different sheet resistance, and hence resistivity, by changing the pressure in the
sputtering chamber. In this section we will discuss the impact of the TaO, layer
conductivity on the ReRAM performances. Bilayer ReRAM devices have been fab-
ricated with two different kinds of substoichiometric tantalum oxide but having the
same thickness (30 nm) for comparison purposes. In particular, the TaOy layers
embedded in the compared device stacks are deposited at a pressure of 6 pbar and
9 pbar, resulting in a sheet resistance Rgy~3 kQ2/00 and ~90 kQ2/07, respectively. A
quasi-static analysis has been performed on twenty devices of each ReRAM stack.
The considered devices have the same dimensions ((6 x 6) pm?) to have a statisti-
cally relevant analysis.

The forming behaviour of the two ReRAM stacks is shown in Figure 4.11. As shown
in the I-V curves of Figure 4.11(c) and Figure 4.11(d), a compliance current of 50
nA is applied during the electroforming step for devices embedding the more con-
ductive TaO, layer. The application of this upper bound for the current resulted
to be critical to obtain stable working devices after electroforming for this specific
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layer stack. It is not required for the ReRAM with a less conductive CMO.

We explain this finding as follow: the more resistive it is the TaOy layer, the less
current flows into the device, thus resulting in a softer breakdown of the HfOs.
Having a more resistive TaO, provides an in-built compliance during electroform-
ing. The TaO, conductivity clearly impacts the voltage and the current at which
the forming event occurs. As it is shown in Figure 4.11(a) and Figure 4.11(b), the
lower it is the resistivity of the CMO, the lower it is the voltage required for the
occurrence of electroforming. In accordance with this observation, the current at
which this process occurs is instead lower the more resistive it is the TaO,.
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Figure 4.11: Boxplot representation of the forming current (a) and of the forming
voltage (b) for ReRAM embedding TaOy with different conductivity. An example
of the typical electroforming I-V sweep is shown for ReRAM embedding a TaO,
with Regy,~90 k2/0 (c) as well as for a device embedding a TaO, with Rg,~3 kQ /O

(d).

An additional important parameter to consider is the value of the post-forming
resistance Rpost-forming in the two ReRAM stacks. This value is usually associated
to the size of the oxygen vacancy filament in the HfO;. The statistical analysis
shown in Figure 4.12 supports our considerations. The larger it is the resistivity
of the TaOy, the less aggressive it results the electroforming in the HfO,, probably
leading to a thinner filament. Indeed, if compared to the baseline ReRAMs, the
devices seem to be in a HRS after the forming process. The filament size can be
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further increased, but in a controlled manner, in the first SET operation.
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Figure 4.12: Boxplot representation of the Rpost-forming for ReRAM embedding TaOy
with different conductivity (a)(b). An example of the typical reading I-V sweep
after forming is shown for ReRAM embedding a TaO, with Rg,~3 kQ/0O (c), as
well as for a device embedding a TaO, with Rg,~90 kQ/O1 (d).

After forming, the devices can be programmed in multiple resistive states between
LRS and HRS. Figure 4.13 shows an example of the typical switching behaviour
over 20 consecutive cycles between these two memory states. The stop voltages
(Vstop) during the programming are fixed to the same values for both devices in
order to have a more relevant comparison. These voltage values are chosen high
enough to have a good On/Off ratio but below the threshold value that induces
complementary switching, a phenomenon that can harm the device behaviour upon
cycling [49].

As shown in Figure 4.13(a) and (b), both ReRAM stacks show a gradual SET and
RESET transitions and a self-compliance during the SET one since the process
that leads to the LRS is limited without the application of any compliance current.
The graduality of the switching, obtained introducing these two TaOy layers in the
ReRAM stacks, leads to remarkably improved analogue memristors. In standard
ReRAMs with metallic scavenging layer (see Figure 1.7), the abruptness of the
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SET transition is one of the main limiting aspects to obtain a continuous of ana-
logue states, therefore hindering their implementation in crossbars. In addition, the
CMO-based ReRAMs have opposite polarity respect to a standard baseline tech-
nology. This phenomenon is specific to the use of the CMO and it will be discussed
more in details in Section 4.2.3 and 4.3.6.
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Figure 4.13: An example of the typical cycling behaviour over 20 consecutive cycles
of ReRAM devices embedding a TaO, with Rg,~90 kQ2/0J (a) or a TaOy with Rg,~3
kQ /0O (b).
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From a further comparison of the two ReRAM stacks in Figure 4.13, it emerges
that the On/Off ratio is different. From the statistical analysis on the mean On/Off
ratio over the 20 cycles (see Figure 4.14), the devices that embed a more resistive
TaOy show a much higher mean On/Off ratio.
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Figure 4.14: Boxplot representation of the On/Off ratio for ReRAM embedding
TaOy with different conductivity.

In particular, Figure 4.15(a) and (b) show that the ReRAM with a more resistive
TaOy presents a larger HRS with respect to the one embedding the more conduc-
tive CMO, while the LRS is almost the same in both cases. This result is related
to the occurrence of a more efficient RESET process when a more resistive CMO
is present in the stack and it can be explained by the role of the thermal conduc-
tivity of the TaO, layer. As already reported in a previous study [50], the thermal
conductivity of TaO, is reduced by increasing the oxygen content, and thus by
increasing its resistivity. The reduction of the thermal conductivity in the more
resistive TaOy layer could result in a slower heat dissipation in the layer stack,
hence more energy is provided for the recombination of the oxygen vacancies and
the oxygen ions. This can result in a deeper RESET with respect to the devices
that embed a more conductive TaO,. The LRS presents a tight distribution around
its median value (see Figure 4.15(b)) while the HRS value shows a higher spread
(see Figure 4.15(a)), reflecting a larger device-to-device variability. Figure 4.15(c)
and (d) show the stability of HRS and LRS for both ReRAM devices. In both
cases, the values of the LRS and HRS are stable and do not drift for at least 20
cycles.
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Figure 4.15: Boxplot representation of the HRS (a) and LRS (b) for ReRAM em-

bedding TaO, with different conductivity. An example of the endurance is provided

for ReRAM embedding a TaO, with Rg,~90 kQ/OJ (c), as well as for a device em-

bedding a TaOy with Rg,~3 kQ/0O (d).

We now compare the mean HRS over 20 cycles with the devices post-forming resis-
tance. As mentioned, after the electroforming step both TaO, based ReRAMs are
in a high resistance state. It is interesting to notice that the mean HRS is smaller
in respect to the Ryost-forming (s€e Figure 4.16). This observation could be explained
by a redistribution of the oxygen vacancies that results in a more stable HRS con-
dition for the device at smaller resistance value than that right after post-forming.
A possible motivation of this observation is provided in Section 4.3.6.
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Figure 4.16: Boxplot representation of the ratio between the mean HRS over 20
cycles and Ryost-forming for ReRAM embedding TaO with different conductivity.

4.2.3 Explanation of the switching polarity in vertical ReRAM
with platinum (Pt) as bottom electrode

The ReRAM devices presented in the Section 4.2.2 are characterized by the SET
transition occurring at negative voltages, while the RESET transition is occurring
at positive ones. This kind of polarity is opposite with respect to what is usually
observed in literature for baseline ReRAM devices, even though the coexistence
of two opposite switching modes in VCM-type ReRAM has been already demon-
strated [51]. Typically, the switching event is located close to the metal electrode
with the largest work function and the lowest oxidation enthalpy [51]. In the pro-
posed ReRAM stack, hence a SET event is expected by applying a positive voltage
to the TE because the electrode with the highest work function and the lowest oxi-
dation enthalpy should be the bottom TiN. To understand if the observed opposite
polarity in the device is somewhat due to the insertion of the the TaOy layer in the
stack and its interaction with the other layers, we have modified the layer stack
to have a clear and strong asymmetry of the electrodes. Vertical bilayer ReRAM
devices (with 30 nm TaOy deposited at 9 pbar) have been processed with 20 nm of
platinum (Pt) as BE, deposited by evaporation. Pt is extensively used in literature
as inert electrode for ReRAM, since it is the metal with the largest work function.
The behaviour of a (6 x 6) pm? device with Pt as BE is reported in Figure 4.17.

The electroforming I-V sweep (see Figure 4.17(a)) can be performed without any
current compliance since it is already provided by the TaO, and it results in a high
Rpost-fomrming (See Figure 4.17(b)). However, the forming voltage is more than 1
V smaller than the case with TiN as BE. This can be explained by the fact that
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growing HfO, on top of the Pt electrode avoids the formation of the oxidized layer
as for the case of the ReRAM with TiN BE (see Section 4.1.3). This thin oxidized
layer resulted in an additional voltage drop during the electroforming step for the
devices. The absence of this unwanted oxide layer for the ReRAM with Pt BE
could also explain the lower forming current.
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Figure 4.17: The behaviour of a vertical ReRAM device with Pt as BE is shown
during electroforming (a), post-forming reading (b) and programming over 50 cycles
(c). The device retention over 50 cycles is also reported (d).

The device has been cycled over 50 consecutive times showing no switching degra-
dation. Figure 4.17(c) displays how the polarity remains the same of the CMOS-
compatible ReRAM with TiN BE. Also, the analogue behaviour of the device in
both transitions is not impacted by the change of the BE material. This observation
suggests that the interface actually playing a role in the resistance state change of
the ReRAM is the TaO4-HfO5 one. Indeed, the TaO, behaves as an OEL and, as
already stated by Celano et al. [12], it induces a distributed reservoir of defects
at the interface with HfO, resulting in a large amount of building blocks available
for the creation of one or more CFs in the oxide. However, the resistance value
at both LRS and HRS is much higher than what is shown in Figure 4.15(c). The
explanation for this could be found in the difference of the BE material in the two
ReRAM stacks. Indeed, the higher work function of Pt with respect to TiN could
result in an increased difficulty for the carriers to travel across the potential barrier
at the BE. Moreover, the larger Pt work function could also be the reason for the

82

- HRS
LRS




4.2 — Vertical ReRAM devices: processing and device optimization

slightly larger absolute value of the Vgrop during the programming for obtaining
a stable switching between LRS and HRS.

TiN
[l 120,

or
AT

HfO,

B et

Figure 4.18: Microscopic description of oxygen ions (O~2) and oxygen vacancies
(Vo**) distribution in the device with Pt BE after electroforming (a), SET event
(b) and RESET one (c). The voltage polarity applied to each electrode in each
step is reported in red on the images.

A schematic representation of O~2 and V** distribution in the ReRAM with Pt
BE during the different transitions is given in Figure 4.18. Assuming the formation
of a single filament, during the electroforming event, this one is created in the HfO4
due to its dielectric nature, but since O~2 are accepted by the TaOy, the conductiv-
ity of this layer is reduced possibly due to the appearance of an oxygen reach region
at the interface with the filament. The appearance of this oxygen reach region ex-
plains the high value of the post-forming resistance. During the SET process, the
negative voltage applied to the TE with respect to the grounded BE induces the
migration of the O~2 into the HfO, layer, thus resulting in a thinning of the filament
due to the recombination with the V**. This recombination is supposed to not
destroy the filament and to reduce the extension of the oxygen reach region in the
TaOy, thus resulting in a more conductive state of the device (LRS), as it is shown
in Figure 4.18(b). On the other hand, the application of a proper positive voltage
on the TE results in the migration of the O~2 again in the TaOy. Therefore, the
filament is widening but an overall high resistance state is observed in the device
(HRS) because of a larger oxygen reach region in the CMO, as depicted in Figure
4.18(c). The extension of this oxygen reach region never reaches the one present
immediately after the occurrence of the electroforming event, thus explaining why
the HRS is always lower than the post-forming resistance. A corroboration and
refinement of the proposed microscopic description of the switching are provided
through the Impedance Spectroscopy experiment illustrated in Section 4.3.6.
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4.2.4 Impact of the thickness of TaO, layer on ReRAM

quasi-static performances

The results shown in Section 4.2.2 clearly demonstrate that for our proposed TaO-
based ReRAM, the best trade-off between On/Off ratio and analogue behaviour is
achieved embedding a more resistive CMO in the bilayer stack. The impact of
thickness variations of such layer is now analysed comparing ReRAM devices with
a thickness of the TaO, layer equal to 20, 30, 40 or 60 nm.
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Figure 4.19: 10 switching cycles of vertical ReRAM devices with different thickness
of the TaOy layer: 20 nm (a), 30 nm (b), 40 nm (c) and 60 nm (d).

In particular, the switching behaviour over 10 cycles of devices with the four layer
stacks variations is reported in Figure 4.19. To have a meaningful comparison all
measured samples have the same size: (6 x 6) pm?. Moreover, the programming
voltages are kept the same for all the tested ReRAM with the only exception of
the negative Vgrop in the layer stack with 40 nm thick TaO,, which showed com-
plementary switching increasing the absolute value of negative Vgrop beyond the

used one.

The overview of I-V curves in Figure 4.19 shows that the devices with a 20 nm and
a 30 nm thick TaO, have comparable SET and RESET transitions. The analogue
SET transition is instead degraded in the case of devices with 40 nm thick CMO.
Indeed, in this case the typical abrupt and stochastic SET transition of baseline
technology is observed. This change of behaviour in the device with the increased
TaOy thickness could be explained by the heat confinement produced by the CMO.
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A thicker layer of TaO, could result in a slower dissipation of the heat produced
when the current is flowing into the ReRAM due to Joule heating effect. As a result,
the SET transition is accelerated and the conductive filament is created abruptly.
Counter intuitively, increasing the TaO,thickness to 60 nm, the abruptness of the
SET transition is reduced, and as shown by the inset in Figure 4.19(d), this is fur-
ther amplified upon cycling. On the other hand, looking in more detail at the curve
in the inset, we observe that in the tenth cycle the SET is characterized by multiple
events and no more just one abrupt SET transition. The reason for the multiple
steps during the SET transition could be found in the formation of multiple weak
conductive filaments as consequence of the homogeneous heat distribution at the
interface between the TaOy and the HfO, [19][20]. Although the thickness of the
layer is exactly the same of the ReRAM stack presented in [20], the observed state
transitions are not analogue anymore. The different device behaviour obtained with
respect to [20] highlights that not only the thermal properties but also the electri-
cal conductivity of the CMO layer plays an important role in the definition of the
device performances. Both thermal and electrical properties are influenced by the
device thickness, but the proposed analysis clearly demonstrate that an optimal
thickness for improving the device performances exists and it is between 20 and 30
nm, since they allow to have a good analogue fingerprint and a reasonable On/Off
ratio. Figure 4.20 shows how the ReRAM devices with these two TaO, layer thick-
ness can be programmed in a different LRS and HRS by gradually changing the
value of the Vgrop.
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Figure 4.20: Example of gradual SET and RESET transition in a (12 x 12) pm?
ReRAM device embedding a 20 nm thick TaO, by changing the Vgrop.

To highlight the differences among these two ReRAM stacks a statistical analysis
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is provided in Figure 4.21 considering ten devices for each stack and for each of
the following different sizes: (6 x 6) pm?, (12 x 12) pm? and (30 x 30) pm?. All
the devices underwent the same electroforming voltage sweep up to 6 V and the
values of the forming voltage and of the forming current are plotted as function of
the device area in Figure 4.21(a) and (b), respectively. The devices with the thin-
ner TaO, layer are shown to have a slightly smaller forming voltage and a higher
forming current with respect to those with 30 nm thick TaO,. The reason for this
could be attributed to the smaller resistance value of the CMO. However, for both
ReRAMs, clear trends for both quantities are observed as function of the device
area. In particular, the forming current increases linearly with the device area (see
Figure 4.21(b)), thus resulting in a constant value of the current density. On the
other hand, the forming voltage follows an opposite trend, decreasing by increasing
the device area (see Figure 4.21(a)).
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Figure 4.21: Forming voltage (a) and forming current(b) for the ReRAM devices
embedding a 20 nm or 30 nm thick TaOy.

These two effects can be correlated considering the probability of defects genera-
tion per unit of volume. Indeed, increasing the area of the device corresponds to an
increase of the device volume, and hence a larger probability of defect generation.
The bigger the device, the smaller it is the voltage required during the electroform-
ing for the soft-breakdown of the HfO,. The current passing into larger structures
is higher since more defects acting as leakage paths are present.

A clear trend with respect to the device area is not observed for the post-forming

86



4.2 — Vertical ReRAM devices: processing and device optimization

resistance shown in Figure 4.22. In general, both ReRAM stacks are characterized
by high value of resistance after the forming step, even in the order of few hundreds

of k€.
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Figure 4.22: Post-forming resistance for the ReRAM devices embedding a 20 nm
or 30 nm thick TaOx.
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Figure 4.23: Mean value of resistive states (a) and On/Off ratio (b) for the ReRAM
devices embedding a 20 nm or 30 nm thick TaO.

Considering 10 cycles for the devices of each ReRAM with 20 and 30 nm TaO,
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layer, the mean value of the HRS and LRS for each device are plotted in Figure
4.23(a). In order to find a balance between having a statistically relevant analysis
and the need to try to obtain from each device size the best possible performances,
the Vgrop used for the programming are (—0.75 4+ 0.05) V and (1.25 £ 0.05) V.
Figure 4.23(a) shows how the LRS is practically the same for both ReRAMs while
a slight device-to-device variability is observable for the HRS, even considering de-
vices corresponding to the same ReRAM stack. Besides this variability in the HRS,
no area dependence is observed for the switching behaviour of the devices thus in-
dicating a filamentary nature of the switching. The absence of area dependence in
the mean value of the On/Off ratio shown in Figure 4.23(b) further supports the
observation of filamentary behaviour in the both TaO,-based memories. Moreover,
considering the On/Off ratio, the two kind of bilayer ReRAM devices analysed are
quite similar.
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Figure 4.24: Maximum relative variation around the mean value of the LRS (a)
and HRS (b) while cycling for the ReRAM devices embedding a 20 nm or 30 nm
thick TaOy.

Finally, an analysis of the stochasticity in the LRS and HRS for the two kinds of
device stack has been performed. This information is evaluated by considering the
maximum relative variation around the mean resistance value for both HRS and
LRS while switching on 10 cycles each device. The correspondent mathematical
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expression of this parameter is:
|R - Rmean‘
Rmean )
where R is the HRS or LRS accordingly to the parameter to compute.
As it is depicted in Figure 4.24, the two studied ReRAM stacks show a similar
variation of the LRS and HRS around their mean value with no area dependence.
In general, the variability in the resistance state is slightly smaller in the LRS than
in the HRS and this can be attributed to the filamentary nature of the switching
mechanism.
In standard baseline technology, the LRS is less stochastic than the HRS because the
carriers follow the well-defined current path represented by the defect-rich filament
in the HfO,. On the other hand, the RESET transition leads to a larger variability
since this event originates from the balance of drift and diffusion of the oxygen
vacancies [11]. The origin of the stochasticity in HRS can be also found in the
statistical fluctuation of the read current [49]. Since in the proposed devices, the
two extreme resistance states have not a very different variability during cycling,
this result could also suggest the existence of the oxygen reach region in the CMO
at the interface with the HfO,, which actually gives a contribution in the switching.

mazx(

4.2.5 Pulsed measurements on analogue switching bilayer
ReRAM devices

The quasi-static characterization demonstrated that the ReRAM stacks which are
characterized by an analogue switching behaviour in both SET and RESET tran-
sitions are the one with a 30 nm thick TaOy deposited at Pg4e,=6 pbar, and those
embedding a TaOy deposited at Pgep=9 pbar with a thickness of 20 or 30 nm. The
performances of these devices are now presented from the point of view of pulsed
measurements. The objective is to understand which among them can provide the
best update of the resistance state in terms of linearity and symmetry, which are
fundamental characteristics for training algorithms of neural networks. In litera-
ture, potentiation and depression curves that constitute the pulsed measurement
are represented as the increase and decrease of the device conductance, respectively.
This definition is kept also in this master thesis work but the potentiation and de-
pression curves are shown on the resistance of the device. This choice is simply due
to an hopefully easier visualization of the dynamic range of the proposed devices.
Figure 4.25 shows the pulsed measurement of a representative (6 x 6) pm? ReRAM
device, in which the TaO, has a thickness of 30 nm and a Rg,~3 k2 /(0. The pres-
ence of intermediate states in both transitions between the LRS and HRS in Figure
4.25 highlights the analogue behaviour of the device. Moreover, the device requires
almost the same voltages as in the quasi-static -V sweeps for the switching. The
device is characterized by pretty linear potentiation and depression curves till reach-
ing a saturation of the resistance state, where a more noisy behaviour is observed.
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The noise in the resistance state is larger for the HRS than the LRS. This result is
expected, since also in the quasi-static characterization, the HRS was characterized
by a slightly larger stochasticity than the LRS (see Figure 4.15(d)). However, the
more urgent problem to address is the low resistance value in both LRS and HRS,
thus resulting in a poor robustness against the parasitics of the CBA in which this

kind of devices should be embedded.
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Figure 4.25: Pulsed measurement on 10 cycles and relative pulse scheme of a rep-
resentative (6 x 6) pm? ReRAM device, in which the TaO, has a thickness of 30
nm and a Rg,~3 kQ/O.
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Figure 4.26: Pulsed measurement on 10 cycles and relative pulse scheme of a rep-
resentative (6 X 6) pm? ReRAM device, in which the TaO, has a thickness of 30
nm and a Rg,~90 kQ/O.

The resistance values can be increased by substituting the TaOy with the more
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4.2 — Vertical ReRAM devices: processing and device optimization

resistive one (Rgp,~90 kQ2/00), and keeping the same thickness. Figure 4.26 clearly
shows the increase of the resistance values with respect to the device shown in
Figure 4.25. In this representative device the programming voltage amplitudes are
still very low but the pulse duration for achieving a linear and stable potentiation
and depression is longer. On the other hand, the noise in both potentiation and
depression is larger with respect to Figure 4.25. This result is explained by the
higher resistance values. Comparing the values of the LRS and HRS between Fig-
ure 4.26 and Figure 4.15, Figure 4.26 shows that the dynamic range is reducing,
since even if the HRS comparable with what obtained in the quasi-static case (see
Figure 4.15), the LRS is much larger.

The last device stack analysed is the one with the thinner TaOy layer, but still
characterized by an high value of resistivity. A first programming with still 400 ns
pulses but lower voltages than Figure 4.26 is represented in Figure 4.27.
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Figure 4.27: First pulsed measurement on 10 cycles and relative pulse scheme of a
representative (6 x 6) pm? ReRAM device, in which the TaO, has a thickness of
20 nm and a Rg,~90 kQ /.

In Figure 4.27 shows that large memory window with less noise during both poten-
tiation and depression can be achieved with respect to the devices with the TaO,
having the same resistivity but larger thickness. However, the number of interme-
diate states in Figure 4.27 is smaller than in Figure 4.26. If the same device is
subjected to pulses with smaller duration and slightly larger programming voltage
amplitudes, the result obtained is the one represented in Figure 4.28. As expected,
Figure 4.28 shows that the larger increase of the programming voltage amplitude
for potentiation with respect to the depression results in a smaller dynamic range
with both LRS and HRS reduced, comparing them with Figure 4.27. On the other
hand, the linearity and the number of intermediate states have improved in both
transitions. These results clearly demonstrate the importance of the choice of the
programming pulse parameters and that our bilayer ReRAM device can achieve a
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linear and symmetry update of the resistance state.
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Figure 4.28: Second pulsed measurement on 10 cycles and relative pulse scheme of
a representative (6 x 6) pm? ReRAM device, in which the TaOy has a thickness of
20 nm and a Rg,~90 kQ/O1.

4.3 Equivalent circuit model by Impedance Spec-
troscopy

In this section the EEC model of the proposed bilayer ReRAM technology is pro-
vided. In the attempt to decouple the contribution of the different layers, the
analysis is based on modelling first reference structures in which only one oxide
(TaOy or HfO,) is sandwiched between two metal electrodes. Then, real devices
are measured, and the electrical model is built for the main resistive states in which
they can be found: pristine state, post-forming, LRS and HRS. The model is built
on planar devices to reduce the chuck contribution. The processing of these devices,
as well as a comparison of the switching behaviour with respect to the vertical ones
analysed in Section 4.2, is also provided.

4.3.1 Comparison between vertical and planar ReRAM de-
vices

The chuck parasitics are detrimental for the Impedance Spectroscopy measurement,
as it is explained in Section B.1. The need to remove this parasitic contribution
leads to the processing of planar devices, whose fabrication is extensively explained
in Section 4.3.2. To show that the proposed Impedance Spectroscopy model is valid
also for vertical devices, a quasi-static characterization of a (40 x 40) pm? planar
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device is provided here as an example. This device has Pt as BE and it embeds a
30 nm thick TaO, with Rg,~90 k2/0, even if the best performances in terms of
linear and symmetric state update have been observed in the 20 nm thick one. The
reason for these choices is to satisfy at the same time the requirement of Pt as BE
for planar devices and the need to compare exactly the same ReRAM stack among
vertical and planar configurations for a relevant modelling of the technology. The
processing of planar devices is more challenging than the one of vertical devices.
The reason is that the BE must be preserved during the etching of the MESA. This
was not possible with the standard etching recipes already calibrated in the group,
since the etching recipes are not selective towards TiN. Exploiting the fact that
similar properties have been observed also in vertical devices (with 30 nm thick
TaOy) employing Pt as BE (see Section 4.2.3), and the fact that it is well known
that this material is a very good etch stop because of its high inertness [52], we
opted for the MESA stack of Section 4.2.3 to realize the planar devices. This choice
allows for an easier processing and a meaningful modelling of the bilayer ReRAM
technology.

The electroforming characteristic of the (40 x 40) pm? planar device and the read-
ing of the post-forming resistance are shown in Figure 4.29.
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Figure 4.29: Electroforming I-V sweep for a (40 x 40) pm? planar device (a) and
post-forming I-V sweep to read the Rpost-forming Of the device (b).

Comparing the electroforming I-V sweep shown in Figure 4.29(a) with the one pre-
sented in Figure 4.17(a) for the vertical device, the current and the voltage at which
the electroforming occurs are found to be larger in the planar device. This result
can be attributed to the different configuration of the device and to the different
electroforming conditions with which the planar devices are treated in respect to
the vertical ones. Indeed, the BE in planar devices is not connected to the chuck
but to another tip, as explained in Section 3.2.1. The larger current flowing into
the device when the forming event occurs is a valid explanation for the smaller
Rpost-forming With respect to the vertical devices. Moreover, the position of the VIA
with respect to the MESA is different in the two device configurations. Figure 4.34
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shows that several of the planar devices, like the one analysed, are fabricated with
a VIA in the corner of the MESA to reduce the parasitics due to the overlap of the
W metal pad connection and the MESA. As it is explained in Section 4.3.3, this not
centred position of the VIA has a non-negligible impact on the electric field lines
through which the current reaches the active part of the device, thus explaining the
different electroforming parameters.

In order to protect the device from the current overshoots, it was cycled with a
10 k€ resistor connected to the BE. The cycling behaviour of the device with and
without the contribution of this series resistance is shown in Figure 4.30.
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Figure 4.30: The cycling behaviour over 20 cycles for a (40 x 40) pm? planar device

is shown with the 10 k€2 resistor connected in series to the BE (a) and without (b).
Respectively, the evolution of HRS and LRS during cycling is shown in (c) and (d).

Figure 4.30(a) shows that the addition of the series resistance results in a more ana-
logue state transition on both SET and RESET, even if this is obtained at much
larger Vgrop due to the voltage drop on the 10 k) resistor. Removing the contri-
bution of this resistor, still an analogue programming of the device is observed, as
depicted in Figure 4.30(b). The cycling I-V curves show a good agreement with
those of the vertical device (see Figure 4.17(c)). However, planar devices present a
smaller value of both LRS and HRS than vertical ones. This result is attributed to
the different Rpost-forming and Vgrop during programming of the two representative
devices.

The differences between the two device configurations surely need a deeper under-
standing. Nevertheless, the analogue behaviour observed also in the case of planar
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devices demonstrates that the Impedance Spectroscopy modelling of planar bilayer
ReRAM can be extended to vertical ones with enough confidence.

4.3.2 Design and processing of planar ReRAM devices for
Impedance Spectroscopy
Planar devices allow for an easier modelling with respect to vertical ones because

of the removal of the chuck contribution, as it is explained in Section B.1 with the
PCB measurements. Their main fabrication steps are the following.

Cross-section of the sample Explanation of the processing step
The starting substrate is a 500 pm thick

Si one on top of which 500 nm of SiO, are
thermally grown.

[ Si+ native oxide Thermally grown SiO,

In order to have a precise definition with
lift-off of the BE in the next step, a double
resist is used. After a dehydration bake of
five minutes at 180 °C, the two resists are
spun and baked one after the other. In
particular, LOR is baked at 175 °C for
(0 five minutes while the standard positive
optical resist requires 110 °C for a minute.
Then the resists are exposed for 1.8 s by
contact photolithography using Hg lamp
M Si+ native oxide  Thermally grown S0, LOR [l Resist with an intensity of 11 mW/em?. —Af-
ter the exposure, the development is per-
formed dipping the chip for 25 s in a solu-
tion containing one part of developer and
four parts of de-ionized water, and then
the chip is rinsed with de-ionized water

for one minute and dried with nitrogen.

= 50 nm of Pt with 3 nm of Ti as adhesion
layer are deposited by e-beam evapora-
tion. The deposition rate for the two ma-
terials is 10 nm/min for Pt and 6 nm/min

[0 Si+native oxide  Thermally grown SiO, ~ LOR [l Resist [ Ti [l Pt for Ti.
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The lift-off is performed in two steps.
First the top optical resist is removed
leaving the chip in acetone for five min-
utes and in agitation with ultrasound. Af-
] ter rinsing with IPA and drying with ni-

trogen, the LOR is removed by immers-
minutes. Then the chip is rinsed with

de-ionized water and dried. Since Pt is
a well-known inert material, the chip is
cleaned with an oxygen plasma generated
with plasma etcher at 600 W for two min-
utes.

[ Si + native oxide Thermally grown Si0, ' Ti Il Pt

s p— s A PEALD deposition of HfOs, as well
as the sputtering of TaO,, TiN and W

are performed as already explained in the
processing for vertical devices and in Sec-

[ Si + native oxide ~ Thermally grown SiO, [ Ti WPt tl()n 4 1 1
Hfo, M =0, DTN W

500 nm of positive polarity resist are spun
on the chip after the deposition of HDMS

_ as adhesion promoter. A baking step is

then performed at 110 °C for one minute.

—— . 'Then the resist is exposed for 1.8 s by con-
S

tact photolithography using Hg lamp with
an intensity of 11 m¥W/cm?. The develop-
ment is done dipping the chip for 25 s in a
M Si+natve oxide  Thermally grown SO, 11 Ti WPt HIO, solution containing one part of developer
W =0, TN W Resst and four parts of de-ionized water. The

chip is then rinsed with de-ionized water
for one minute and dried with nitrogen.
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_ A first ICP etching step is performed in

. order to define the MESA in a plasma
A generated with an RF power of 1200 W,
18 mbar of pressure and gas mixture con-
and 15 sccm of CHF3. The etching time
1 Si + native oxide ~ Thermally grown SiO, I Ti HPrt HfO, . .
M 120, TN w M Resist is four minutes.

Since the previous etch step stops once
the HfO, is encountered, a second one is

_ required. Still it is performed with ICP

D but the plasma is different. The gaseous
I
[ sources are Ar (5 sccm) and CFy (10

sccm) and the plasma is genereted with
of 2 mTorr. 30 s are required to get rid of

::Iaon " OXideD:Ne et 7; :;sist o the HfO5 and due to the selectivity of the
recipe towards Pt, the BE is not damaged
during this process.

The resist is stripped dipping the chip in
acetone and leaving it in agitation by ul-
—

S trasound for a minute. In order to remove
possible residues of resist on the chip, it

_is first rinsed with IPA and then further
cleaned with an oxygen plasma for one

[7 Si + native oxide ~ Thermally grown Si0, [/ Ti [l Pt and half mlnute The latter Cleaning iS
HfO, M T20, TN w . . .
' performed in the RIE as explained in Sec-
tion 4.2.1.

100 nm of SizN,4 are deposited as passiva-
tion layer using PECVD at a temperature
of 300 °C. The SizNy is deposited with
a deposition rate of 15.6 nm/min from a

plasma of 2% of SiH, (120 sccm) and Ny
_ (1000 sccm), which is generated with an
I Si + native oxide  Thermally grown Si0, '/ T [l Pt HfO, RF power of 20 W and a pressure of 1000
W 70, TN W E SN, mTorr.
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500 nm of positive polarity resist are spun
on the chip after the deposition of HDMS
as adhesion promoter. The baking step is
then performed at 110 °C for one minute.
Then the resist is exposed for 1.8 s by
contact photolithography using Hg lamp
with an intensity of 11 mW/cm?. The de-
velopment is done dipping the chip for 25
s in a solution containing one part of de-
veloper and four parts of de-ionized water,

W si+native oxide  Thermally grown Si0, [ T WPt | HiO, and then the chip is rinsed with de-ionized
a0, o Tk water for one minute and dried with ni-
trogen.

In order to open the VIAs for the connec-
tion to the electrodes an etching step with
RIE is performed. The plasma is gener-
ated by applying an RF power of 100 W
and a pressure of 55 mTorr at room tem-
perature to a gas mixture composed by
O; (5 scem) and CHF3 (50 scem). The re-
sulting etch rate of SizNy is 37.7 nm/min.

[ Si + native oxide  Thermally grown SiO, I Ti M Pt HfO,
M Tao, TN W M SN, M Resist

The resist is stripped dipping the chip in
acetone and leaving it in agitation by ul-
trasound for a minute. In order to remove
possible residues of resist on the chip, it
is then rinsed with IPA. No oxygen treat-
ment is required at this step since the RIE
does not produce usually a large resist
burning such the one obtained after the

[ Si + native oxide ~ Thermally grown SiO, ! Ti Hrt HfO,
M Ta0, | TiN w M SiN, ICP process.
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150 nm of W are deposited in order to
contact the two electrodes of the device.
The deposition is performed using DC
magnetron sputtering with a power of 120

gon.

[1 Si + native oxide ~ Thermally grown SiO, ! Ti WPt HfO,
M Ta0, TN w SN,

500 nm of positive polarity resist are spun
on the chip after the deposition of HDMS
as adhesion promoter. The baking step is
then performed at 110 °C for one minute.
Then the resist is exposed for 1.8 s by
contact photolithography using Hg lamp
with an intensity of 11 mW/cm?. The de-
velopment is done dipping the chip for 25

s in a solution containing one part of de-
_ veloper and four parts of de-ionized water,
and then the chip is rinsed with de-ionized

[ Si + native oxide  Thermally grown Sio, Ti WPt HfO, Water fOI' one minute and dried Wlth Ili—
M Tao, TN W SN, M Resist
trogen.

The contact pads are defined with a RIE
etching of W. This step is also impor-
tant to isolate the devices between them.
In particular, the W is etched at a rate
of 15.4 nm/min using plasma generated
from Ny (30 scem) and SFg (30 sccm) gen-

erated with an RF power of 25 W, a pres-
ture.

[ Si + native oxide ~ Thermally grown SiO, I Ti WPt HfO,
M Tao, TN W M SN, M Resist
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The resist is stripped dipping the chip in
acetone and leaving it in agitation by ul-
trasound for a minute. In order to remove
possible residues of resist on the chip, it
is then rinsed with IPA. Still no oxygen
treatment is required at this step since a
RIE process was performed for the etch-
ing.

[7 Si + native oxide ~ Thermally grown SiO, [/ Ti WPt HfO,
W Tao, TiN w M SN,

Actually the process flow reported above simply refers to one kind of planar devices
(square devices with VIA in the corner) and not to the full set of test structures
and devices fabricated for the Impedance Spectroscopy experiment. Indeed, the
designed chip is much more complex and it consists of several different geometries.

1 Circular devices and circular SHORT
e test structures (radius from 12 ym to
- 200 pm).

» Square devices with VIA in the middle
of the MESA and square SHORT test
structures (side of the mesa from 12 ym
to 400 pm).

» VIA test structures with VIA side
varying from 4 ym to 32 ym in steps of
4 um.

* Platinum meander with length of 5500
pum and width varying from 2 ym to 24
pm.

= ; - : . : « Tungsten meander with length of 5500
== : : pum and width varying from 2 ym to 24
pm.

* MESA meander with length of 5500 ym
and width varying from 2 ym to 24 pm.

Figure 4.31: Schematic representation of the .gdslII design of devices for Impedance
Spectroscopy with a summary of the different structures that it includes.
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The complexity of the design is due to the need to decouple different contributions,
as well as to try to reduce the effect of parasitics on the measurement. For example
the pads were made at least 80 pm longer since the over-travel of the tip must
be at least of 50 pm to make the contribution of the probe resistance (probe tip
resistance and contact one) smaller than 1 2 [53]. Moreover, the pads are placed at
a distance of at least 16 pm between them in order to make the generated in-plane
capacitance negligible during the measurement. A representation of the .gdsII with
a summary of the different structures and devices is given in Figure 4.31. In par-
ticular, the proposed design allows to probe the impact on the device performance
of the VIAs, through devices having different VIAs dimensions, as well as position
with respect to the MESA. The impact of the device geometry could be understood
by comparing the behaviour of square devices versus circular ones. Additionally,
test structures in the form of meander were added to probe the R, of the metallic
materials as well as the layers in the MESA. Even test structures to estimate the
VIA resistance have been added. Figure 4.31 shows that the structures are repeated
in several blocks, and the space on the chip is filled as much as possible by placing
some structures in an interdigitated way within the same blocks.

.gdsll design Mask fabrication Chip processing

Figure 4.32: Schematic representation of the process flow of the planar devices
fabrication, passing first from the design and the mask realization for then arriving
to the actual processing of the chips.

Once the design was completed, the chromium mask for the contact photolithogra-
phy was realized by a colleague and the chip was fabricated. Figure 4.32 shows that
three chips were realized. The number one contains the planar devices, while the
number two and three are made respectively with a W/TiN/TaOy /Pt stack and
W /TiN/HfO, /Pt one in order to decouple the contribution of the different layers
in the ReRAM stack. A cross-section of the stack present in each chip, as well as of
the structures required for performing the SHORT correction, is depicted in Figure
4.33.
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M SiN,
W
TiN
B Tao,
HfO,
H Pt
Ti
Thermally grown SiO,
[ Si + native oxide

Figure 4.33: Schematic representation of the cross-section of square structures
stack. They are labelled with the number of the corresponding chip in Figure
4.32, as well as of the test structure for the SHORT correction.

A microscope image of some of the blocks containing small and scaling VIAs square
structures is shown in Figure 4.34, while Figure 4.35 shows how the structures look
like when the tip for the measurement is approaching the pads.

W
" oA on 'E |
i

Figure 4.34: Microscope image of examples of some blocks containing square
structures with VIA in the corner of the MESA for the chip having a
W/TiN/TaO4/HfO, /Pt (a), W/TiN/TaO /Pt (b) and W/TiN/HfO, /Pt (c) stack.
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Figure 4.35: Camera view of the tested blocks right before performing the mea-
surement.

4.3.3 Electrical equivalent circuit of TilN/TaO, /Pt stack

The sample consisting of a nominally 30 nm thick TaO, sandwiched between TiN
and Pt can be modelled from an electrical point of view as a capacitor C in parallel
to the leakage contribution Rje.. An equivalent series resistance R, must be
added in the model for considering the contribution of the W-TiN and TaO,-Pt
interfaces. Other contributions, such as the contact resistance, the W connections
and the W-TiN interface contribution are removed by the SHORT correction. This
approach leads to two main overcorrections in the R term:

o The W connection is much longer in the SHORT structure with respect to the
actual device;

o The W-Pt interface contribution is counted twice in the SHORT structure
while just one interface is present in the actual sample.

The SHORT structures measure a resistance of approximately 10 €2, thus the W
length overcorrection is not considered to have a huge impact on the proposed
model. Moreover, being the W-Pt and W-TiN interfaces junctions between two
metals, they are considered to bring the same electrical contribution to the Reg,.
The EEC model for the TiN/TaO, /Pt stack is hence the one shown in Figure 4.36.
Figure 4.37 shows that the fit of the experimental data is not affected by the over-
corrections.
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EPt WTaO, I TN

C = C’TaOI

[} Rleak = RleakTaOI

Resr = RTiN-TaOsimter face T BTaO.~Ptinser face

Figure 4.36: Representation of the EEC model for the TiN/TaOy /Pt stack.
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Figure 4.37: Fit result for a 144 pm? TiN/TaO, /Pt structure with scaling VIA in
the corner. It is represented as bode plots (a) and Nyquist plot (b).
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The electrical parameters of the model have been studied as function of the area of
the microstructure for different shapes of the MESA | as well as VIA position and
dimensions. Figure 4.38 shows that the capacitance of the structure scales linearly
with the area of the MESA, independently from the VIA position or the shape
of both MESA and VIA. The linear scaling of the capacitive contribution with
the area of the structure is expected if the layer stack is considered as a standard
parallel plate capacitor, for which:

€o€, A

C==

(4.1)

where: €, is the dielectric constant of free space, €, is the static relative permittivity
of the dielectric medium; A is the area of the plates; and d is the distance between
the plates of the capacitor.

Considering a thickness of the TaOy of 28.6 nm (reported value in Table 4.1 for the
layer deposited at 9 pbar) the static relative permittivity of the substoichiometric
layer was computed. Figure 4.39 shows that it is constant to approximately 150,
independently from the area of the structure or the VIA position and dimensions.

4
10 o Square device with scaling VIA in the corner
o Square device with small VIA in the corner
o Square device with scaling VIA in the center
Circular device with scaling VIA in the center:
—Linear fitting of the data
3 square, corner square, corner
10°F 3 scaling via small via
'-‘é_ MESA
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o . o B mVIA
2L Fitting function: f(x)=10":x i
10 i
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MESA A
B
10k 4| VA
H g L1 RO | H R
10° 10* 10°
Area [pmz]

Figure 4.38: Plot of the capacitive contribution C in the model as function of the
area of TiN/TaO, /Pt microstucture.

The obtained value for the static dielectric constant is much higher than the one
reported in literature, commonly between 25 and 35 [54]. Rather than considering
the TaO, as an high-x dielectric, this high value of static relative permittivity is
attributed to its more conductive behaviour with respect to a pure stoichiometric
oxide. Indeed, if a pure metal is considered, its capacitance should be infinity, be-
cause of a null reactance is expected in the impedance; thus, also the €, in equation
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(4.1) should be infinity. This explains the larger value of the static relativity per-
mittivity of TaO, with respect to the typical one for TayOs;.

200 : Frrerr ] : o] : Tt ] o Square device with scaling VIA in the corner
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Figure 4.39: Plot of the static relative permittivity €, as function of the area of
TiN/TaO, /Pt microstucture.
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Figure 4.40: Plot of the leakage resistance R as function of the area of

TiN/TaOy /Pt microstucture.

This hypothesis of more conductive behaviour in the TaOy layer with respect to a
stoichiometric oxide is confirmed by the value assumed by the leakage resistance
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Rieax reported in Figure 4.40. It is two orders of magnitude lower than the value
for HfO, structures, which is shown in Figure 4.47.

A linear inverse proportionality with the area is also observed in all the four device
configurations. Regardless of the slightly different value of « in the fitting functions
in Figure 4.40, the square devices with scaling VIA in the middle are characterized
by a more linear scaling of Rj..c with respect to the other device configurations.
This difference could be attributed to processing variability regarding the region
of the chip in which the devices are placed, as well as the distance between the
microstructures. Figure 4.31 shows that the square devices with scaling VIA in the
middle are placed in regions were processing steps could be not optimal (the left
and right edges of the chip). Moreover, they are much closer than in the case of
other device configurations. These placement conditions could result in a different
etching of the MESA with respect to the circular devices or square ones with VIA
in the corner. This could also explain why the change in the fitting function slope
is much more evident considering smaller structures.

Impedance Spectroscopy has shown that the TaO, layer cannot be considered as
a pure resistor, which however was the objective of our material development and
the result obtained from CTLM measurement shown in Section 4.1.4. This differ-
ent conclusion of the two experiments can be attributed to a different regime of
operation in which the TaO, layer is measured, as well as a possible anisotropy in
the current conduction if this takes place in-plane or cross-plane in the thin-film.
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Figure 4.41: Plot of the equivalent series resistance Res as function of the area of
TiN/TaO, /Pt microstucture.

Finally, the variation of the equivalent series resistance Res as function of the de-
vice area was studied. Figure 4.41 shows that the shape of the VIA and the MESA
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have no influence on Res, while a clear relation with the VIA position can be no-
ticed. In particular, having all the structures (except the smallest one for tackling
lithography resolution issues) a VIA that is roughly a quarter of the MESA, a linear
scaling with the area of the MESA is observed if the VIA is placed in its middle.
However, if the VIA is placed in the corner, but still scaled, a saturation in the Reg;
is observed at the device size of (80 x 80) ym?. Not scaling the VIA dimensions
leads to an inversion of the relationship and, in particular, to a linear increase of
the Resr with the device size starting from (60 x 60) pm?. This phenomenon is
observed in all the device stacks, as it is presented also in Section 4.3.4 and Section
4.3.5. Hence it is not attributed to any property of the TaOy layer. Instead, it can
be explained by much longer current paths for reaching the MESA edges resulting
from the placement of the VIA in the corner with respect to the case in which the
VIA is in the middle of the MESA. These paths become even longer if the VIA is
not scaled, as it is schematically depicted in Figure 4.42.

square, corner square, corner
scaling via small via

current path
............ >

square, center circular, center
scaling via scaling via

|current path length > current path length > current path length = |

Figure 4.42: Schematic representation of the current paths in the four configurations
of TiN/TaOy /Pt to explain the Res, dependence on the area of the MESA.

4.3.4 Electrical equivalent circuit of TiN/HfO. /Pt stack

In order to decouple the HfOy contribution in the model of ReRAM devices, a
nominally 6 nm layer has been deposited between TiN and Pt in a planar capacitor
structure. In this case, like for the sample described in Section 4.3.3, the oxide layer
can be modelled as a capacitive contribution C in parallel to a leakage resistor Rjeax,
while the contribution of the TiN-HfO, and HfO,-Pt interfaces can be taken into
account as an equivalent series resistance Reg (after the application of a SHORT
correction).
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Figure 4.44: Fit result for a 3600 pm? TiN/HfO,/Pt structure with small VIA in
the corner. It is represented as bode plots (a) and Nyquist plot (b).
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The proposed model is depicted in Figure 4.43 and it is in good agreement with
the experimental data, as it is observable in Figure 4.44.

In this section an analysis of the three degrees of freedom of the model is provided
while showing the reader a study of the block-to-block variability on the chip. A
comparison between square devices with scaling VIA in the corner and those with
a small VIA in the same position is provided in Section B.3 for completeness.
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Figure 4.45: Plot of the capacitive contribution C in the model as function of the
area of TiN/HfO,/Pt microstucture with small VIA in the corner.

Figure 4.45 shows the expected linear decrease of the capacitive contribution in
the sample by decreasing the device area, independently from the block considered.
This linear relation between C and the device area allows to apply the general for-
mula of a parallel plate capacitor to extract the static relative permittivity. For
the calculation, a thickness of 5.7 nm has been considered for the oxide layer, in
agreement with the XRR fitting values reported in Table 4.1.

Figure 4.46 shows that the static dielectric permittivity is constant to approximately
15.6 scaling down the device area to 3600 pm?, while it starts to increase for the
devices having an area between 900 pm? and 144 pm?. All the computed values for
€, agree with those reported in literature [55]. However, the observed increment in
the static dielectric constant is unexpected since the HfOq is deposited on all the
chip at the same time in a very uniform and conformal manner by PEALD. The
possible explanation for the increment of €, in smaller structures could be found in
a no more negligible contribution of fringing fields at the edges of the microstruc-
tures or in the reduced accuracy of the LCR meter, due to the smaller test current
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entering in the tool. The latter hypothesis is supported by the larger spreading of
the points going down to the area of 144 pum?, as it is observable in Figure 4.46.
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Figure 4.46: Plot of the static relative permittivity €, as function of the area of
TiN/HfOy /Pt microstucture with small VIA in the corner.
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Figure 4.47: Plot of the leakage resistance Ri. as function of the area of
TiN/HfO, /Pt microstucture with small VIA in the corner.

As already mentioned in Section 4.3.3, the Ry, contribution is much larger for the
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sample embedding the HfO, layer than the one containing the TaOy, thus high-
lighting the insulating properties of HfO,. Moreover, Figure 4.47 shows the linear
scaling of this resistive parameter with the area of the device. The spreading of
the points suggests a block-to-block variability with some structures that could be
considered outliers with respect to the general linear trend.

Plotting the values assumed by Res as function of the MESA area (see Figure
4.48), a degradation of the linear resistance decrease with the area of the devices is
observed. In particular, a linear increase of the resistive contribution, as function
of the same parameter starting at 3600 pm?, is observable, like already discussed
for Figure 4.41.
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Figure 4.48: Plot of the equivalent series resistance resistance Re, as function of
the area of TiN/HfO,/Pt microstucture with small VIA in the corner.

4.3.5 Electrical equivalent circuit of TaO,/HfO, bilayer ReRAM
devices in pristine state

We now evaluate if the two models obtained for the TaO, and HfO, reference sam-
ples can be applied straightforwardly to the pristine state of the actual ReRAM
stack or if a more complex model should be adopted.

Figure 4.49 shows the fitting of experimental data using a first-order model having
only three variables (C, Rjeax and Res). This model can be the one represented in
Figure 4.50(a) or that in Figure 4.50(b). The only difference between the case (a)
and (b) is the presence of an interface between the two oxide layers, whose role may
be considered during the modelling. The other possible models explored are those
in Figure 4.50(c) and (d). These higher-order models are discarded since they do
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not produce a good fitting result due to the absence of more than one pole in the
bode plots of the experimental data.
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Figure 4.49: Fit result for a 6400 pm? TaO, /HfO, bilayer ReRAM device in pristine
state with scaling VIA in the corner. It is represented as bode plots (a) and Nyquist
plot (b).

The observation of a first-order system is supported by the measurement performed
down to the minimum frequency possible with the LCR meter (20 Hz), which is
provided in Section B.5. Moreover, an equivalent surface potential at the interface
between the different layers is not expected. Nevertheless, even if also in [56] a
first-order system describes the pristine state of baseline ReRAM technology, the
presence of other poles in the system can be masked by the dominant one. This
reasoning could explain the non-perfect fit of the real part of the impedance. How-
ever, this non-perfect fit can be attributed also to the limited test current entering
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in the tool due to the very high Ry of the stack.

In this section the values assumed by the three parameters of the model are dis-
cussed referring to square devices with scaling VIA in the corner or small VIA in
the same position.

Pt HfO, M HfO,-TaO, interface Ml TaO, [ TiN

-
==

Figure 4.50: Graphical representation of the evaluated EEC models for the
TaO,/HfO, ReRAM device in pristine state: first-order systems (a) and (b), a
second-order one (c¢) and a third-order one (d).

The capacitive contribution increases linearly with the area of the device, as in the
case of the devices embedding only TaO, or HfO,. However, if the model repre-
sented in Figure 4.50(a) would be the right one, the expected capacitance value
should be computed as in equation (4.2).

1 1,
Creo, Chyo,

Cewpected - ( (42)

Considering a single device for each area with only TaO, or HfO, as oxide layers,
the formula in equation (4.2) was applied and the result is represented by the orange
and red squares in Figure 4.51. Cexpected is always a bit larger than the measured
values. This suggests the presence of an interface layer between the TaOy and the
HfOs. Indeed, being the interface capacitive contribution in series with the capaci-
tance of the two bulk oxides, it reduces the overall capacitance of the system. The
small capacitive impact of the interface layer on the overall capacitance is explained
by its large value due to its low thickness (using equation (4.1)).
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Figure 4.51: Plot of the capacitive contribution C in the model as function of the
area of TaO,/HfO, ReRAM device in pristine state.
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Figure 4.52: Plot of the leakage resistance R as function of the area of
TaO, /HfOy ReRAM device in pristine state.

The presence of a non-negligible interface layer between TaO, and the HfO, layers
is confirmed by the value assumed by Rje.x, as reported in Figure 4.52. The simple
model of Figure 4.50(a) can be applied to get an insight on the expected value for
the leakage resistance, which is calculated using equation (4.3) on data of devices
embedding only TaO, or HfOs,.
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Rleakezpected = ‘Rleak:Taoz + RleakaO2 (43)

Regardless of the device-to-device variability that results in the more scattered
Ricakexpecrea POINGS, the measured leakage resistance is always larger than the ex-
pected one. This suggests an additional resistive contribution coming from the
interface layer.
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Figure 4.53: Plot of the equivalent series resistance resistance Re as function of
the area of TaO,/HfO; ReRAM device in pristine state.

Finally, the equivalent series resistance Res, was evaluated. Figure 4.53 reports the
obtained values as function of the device area. A good agreement in the Reg trend
is found with what already discussed in Section 4.3.3. Moreover, considering that
the series resistive contribution is only due to the junctions with the metal layers
and that they remain almost invariant, the fitting values resemble the expectations
built using equation (4.4).

R Resr;rao96 + Reerf02

€STexpected 2

(4.4)

The comparison between the expected model proposed in Figure 4.50(a) and the
fit result using the first-order system leads to the conclusion of the presence of an
interface between the TaO, and the HfO5. Such interface adds both a resistive and
a capacitive contribution to the model. In conclusion, the bilayer ReRAM devices
in pristine state can be described in first approximation using a first-order system
and the different contributions can be decoupled as it is presented in Figure 4.54.
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Figure 4.54: Graphical representation of the EEC model for the TaOy/HfO,
ReRAM device in pristine state.

4.3.6 Electrical equivalent circuit of TaO,/HfO, bilayer ReRAM
devices in post-forming, LRS and HRS

We now model the bilayer ReRAM devices after applying an electrical stimulus that
sets them in post-forming, LRS and HRS. In this section the modelling of a (40
x 40) pm? device with small VIA in the corner is presented and it is exploited to
justify the proposed filamentary-based model. The DC programming of the same
device has been already discussed in Section 4.3.1.

In all the different resistive states, the simple first-order model with three degrees
of freedom ensures a good fitting accuracy, thus well representing the system. Some
examples of the fitting curves are provided in Section B.6. However, the parameters
values vary depending on the device state, as it is observable in the plot reported
in Figure 4.55. The values assumed by the three parameters of the model are also
summarized in Table 4.3.

When the electroforming process occurs, a change in both resistive parts of the
system (Rjeax and Reg;) is observed while the capacitive contribution C remains al-
most unaltered. In particular, the Rje.x is subjected to a strong reduction reaching
a value that is even two orders of magnitude lower than the mean one (1.8 M)
for devices (in the same configuration and size) embedding only the TaO, layer.
This abrupt decrease can be explained by the formation of defects due to the high
DC voltage applied during the electroforming step. These defects enable an easier
carrier transport in the TaO, layer and at the TaO,-HfO, interface. Nevertheless, a
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possible alteration of the conductivity of the layer could also be related to a different
growth of the TaO, on HfO, than on Pt. Additional analyses should be performed
to identify if the defects are confined in the specific region close to the filament or
if the difference in Rjex is due to changes in the material defects concentration due
to the growth on a different substrate.

o

H rt HfO, [l TaO,[  TiN w 0> M Vo' M Defect

Figure 4.55: Plot of the value assumed by the EEC model parameters in the dif-
ferent resistive states for a (40 x 40) pm? TaO,/HfO, ReRAM square device with
small VIA in the corner. A graphical representation of the filamentary model for
each state is also provided. The Rje.x in pristine state is outside the range of the
plotted values.

On the other hand, the slight increase in the Res, can be associated to the formation
of a filament of Vo** in the HfO, layer because of the gathering of the O~2 by the
CMO layer. Indeed, the filament formation results in an additional and local series
resistive component that must be decoupled from the Rje.x. The leakage term now
counts only for the contributions of the TaO, layer and its interface with HfOs.
The capacitive contribution brought by the HfO, layer cannot be removed from the
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C term because of its bulk origin. The fact that C is a bulk contribution explains
also why it remains unaltered after electroforming. A graphical explanation of the
change of contributions to the EEC model after electroforming is provided in Figure
4.56.
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Figure 4.56: Graphical explanation of the change in the contributions to the EEC
model parameters in a TaO,/HfO; ReRAM device after electroforming.

Figure 4.55 shows that when the device is SET for the first time, O~ are removed
from the CMO layer because of the negative voltage applied at the TE, thus ex-
plaining the increment of conductivity in the whole system and reduction of Rjeax.
This process is accompanied by redox reactions occurring at the region of the fil-
ament that produce its thinning and the consequent increase of Rey,. However,
the analogue behaviour of the memory suggests that the filament is not broken by
these reactions otherwise the Rje.x should be in the M2 range, as it is explained in
Section B.7.

The argument of the bulky nature of the capacitive term still holds upon cycling
the device between LRS and HRS. However, the observation of the variation of
the capacitive contribution associated to the TaO,-HfO, interface could be hidden
by the dominant contribution brought by the two oxide thin-films, as discussed in
Section 4.3.5.

When the device is programmed in HRS, the positive voltage applied at the TE
results in the re-incorporation of O~2 in the TaO, layer and in the widening of
the filament. Therefore, Rjc. increases and Reg, is reduced. The observation of a
lower value of R, in HRS with respect to the value assumed in pristine state could
suggest a modulation of the barrier height at the filament-Pt interface because of
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a broadening of the filament that takes place also at its root due to nucleation
processes [57].

Figure 4.55 also shows how the parameters of the model in LRS and HRS evolve
after 20 switching cycles. In particular, in HRS a slight decrease of the Rje.x and a
strong reduction of the Reg, are observed with respect to the first HRS. This results
in a degradation of the switching mechanism. Indeed, the decrease in the leakage
resistance can be attributed to a deeper migration of O~2 in the CMO layer be-
cause of the higher magnitude of the DC voltage applied during the RESET with
respect to the SET. This phenomenon O~2 migration can make easier the carriers
travelling through the current paths in the TaO, layer, as graphically observable
in Figure 4.55. This phenomenon of O~2 migration could also explain the strong
reduction of the Reg, because of a lower amount of O~2 available for taking part
to the redox reactions. Hence, the filament gets broader while cycling. The very
low value of R suggests that the major contribution to this parameter is due to
the filament.

The degradation of the switching mechanism can be noticed as well by switching
the device in LRS and comparing the values assumed by the variables in the model
with those in the first LRS. The reduction of the Res is due to the widening of
the filament while the slight reduction of R could be due to the opened current
paths. Nevertheless, these easier current paths have a weaker impact on the resis-
tance state if compared to what happens in HRS.

The hypothesis of O~2 migration in the TaO, layer during the repetitive cycling
could be the explanation of the impossibility to overcome the Rpost-forming by the
resistance value in HRS, as discussed in Section 4.2.

clrl | Rl
Pristine 23.9 4.9:106 89.0
Post-forming 234 38.3 95.3
LRS 24.0 5.8 80.5
HRS 23.5 21.0 131.3
HRS after 20 cycles 23.3 17.5 45.1
LRS after 20 cycles 23.8 4.8 93.0

Table 4.3: Values assumed by the EEC model parameters in the different resistive
states for a (40 x 40) pm? TaO,/HfO, ReRAM square device with small VIA in
the corner.
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Chapter 5

Conclusions and Outlook

5.1 Conclusions

In this master thesis work substoichiometric TaO, films have been developed to
integrate them as CMO material into an HfOs-based ReRAM stack. The resulting
bilayer redox-based VCM ReRAM devices have been characterized and further op-
timized in a feedback loop.

A physical interpretation of the gradual switching behaviour was also proposed em-
ploying a dedicated setup for Impedance Spectroscopy characterization.

Several challenges were faced during both sputtering deposition and device charac-
terization, leading to the following learnings.

I The reproducible DC reactive sputtering deposition of substoichiometric TaO
films requires a dedicated Ta cleaning process and a tight control of the cham-
ber pressure. Keeping constant and low the values of DC power and Oy /Ar
flow rate ratio, the pressure can be used as a knob to finely tune the material
resistivity while maintaining the fully CMOS-compatibility of the process. In-
creasing the pressure, a more resistive and less dense TaOy layer is obtained.
This effect is observable analyzing in the relative intensities of the (1 2 1) peak
of orthorhombic TayO5 and the (4 1 0) peak of tetragonal Ta in the GIXRD
profiles. All the deposited conductive TaO, are characterized by the same
deposition rate of 0.14 nm/s and a double-layer structure, with an amorphous
B-TaO, and a crystalline T-TaO.

IT The conductivity of the TaOy layer significantly affects the electrical properties
of bilayer ReRAM devices. During electroforming, the Ifyming is lower and the
Viorming 18 larger, the more resistive it is the TaOy layer, suggesting that it acts
as an in-built compliance. Consequently, the Rpost-forming 1S larger for a bilayer
ReRAM device embedding a more resistive TaOy.

Bilayer ReRAMs show remarkably analogue SET and RESET transitions and
a self-compliance during the SET in both cases of low and high conductivity
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TaO, embedded in the stack. The LRS and HRS values are stable over at least
20 cycles. However, devices with a more resistive TaOy show a larger On/Off
ratio. This observation could be explained by the lower thermal conductivity
in the more resistive CMO which results in a slower heat dissipation in the
layer stack and in a deeper RESET.

IITI The thickness of the CMO layer considerably impacts its electrical and thermal
properties thus also affecting the switching behaviour of ReRAM devices. If
ReRAMs embedding a 20 or 30 nm thick TaO, show analogue switching, this is
not true for devices having a 40 nm thick TaO,. In this case, the typical abrupt
and stochastic SET transition of baseline technology is observed. This finding
can be associated to the slower heat dissipation in the stack that accelerates the
CF formation. The abruptness of the SET transition gets reduced increasing
the CMO thickness to 60 nm, even if multiple steps are observed. The reason
for these multiple steps during the SET process can be found in the formation
of multiple weak CFs.

According to quasi-static measurements, it is possible to conclude that the
optimal thickness of TaO, is between 20 and 30 nm.

IV Quasi-static measurements performed on bilayer ReRAM devices with different
area show that the Igming increases linearly with the device area whereas an
opposite trend is found for the Vioming. These two effects are correlated by
the probability of defects generation that is higher in devices with bigger area,
leading to the presence of more leakage paths. Regardless of the electroforming
process, no area dependence in observed neither in R post-forming 0 On/Off ratio.
The independence of the LRS and HRS from the device area indicates the
filamentary nature of the switching.

V The insertion of TaO, in the ReRAM stack results in an analogue behaviour of
the memory cell during both potentiation and depression at almost the same
Vstop of the quasi-static measurements. However, ReRAM devices embed-
ding the most conductive TaOy developed results in low values for LRS and
HRS, thus posing some problems in their crossbar integration. Embedding in
the stack a more resistive CMO with the same thickness results in an increase
of resistance values but also of the programming noise. The latter can be mit-
igated embedding in the stack a 20 nm thick TaOy. In this case a remarkable
linear, symmetric, and analogue weight update can be reached by sacrificing
the dynamic range to roughly a factor 3.

VI The Impedance Spectroscopy model of TaO, is described by the parallel be-
tween a leakage contribution Rje. and a capacitive one C. The higher value of
the extracted static relative permittivity with respect to previous studies con-
firms the conductive nature of the TaO, material. The capacitive contribution
in TaO, apparently contradicts the conclusion of a pure resistor coming from
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CTLM measurements. On the other hand, it may suggest the anisotropy in the
current conduction or a different regime of operation in the two experiments.

VII The substitution of TiN with Pt as BE in the bilayer ReRAMs, as well as the
variation from vertical to planar configuration, does not impact the graduality
and the switching polarity in the devices, thus suggesting the key role played
by the TaOy in the mechanism.

VIII In pristine state, bilayer ReRAM devices can be approximated by a first-order

system C//Rjeak+Resr- The C and Rjea values suggest the presence of an
interface layer between TaO, and HfO,, whose presence is also confirmed by a
TEM cross-section. After electroforming, Rie.c gets below the value observed
in the reference TaO, sample, thus suggesting a strong modification of this
layer with an increased defect density or a different growth of TaO, on HfO,
or Pt. The increase of Res is attributed to the filament formation. The
observed trends for Rieax and Res suggest that during SET O~2 are removed
from the CMO and they recombine with V*® in the filament without breaking
it. During RESET, O~2 are reincorporated in the CMO, leaving behind V**
that make the CF wider. The main contribution determining the resistance
state is the oxygen content at the TaO,-HfO, interface which modulates the
Rieax. C remains unaltered during switching suggesting a bulk origin of this
parameter.
Cycling the device 20 times, the values assumed by Rje. and Reg display a
degradation of the switching mechanism. It can be attributed to a deeper
migration of O~2 in the CMO with reduction of the number of redox-reaction
occurring at the filament region.

5.2 Outlook

The presented master thesis work highlights the outstanding potentialities of ReRAM
devices based on TaO,/HfO, bilayer for realizing novel computing architectures
based on bioinspired neuromorphic computing. The promising results obtained in
this master thesis work strongly suggest to further proceed in the research of this
powerful, as well as simple, improvement methodology of baseline ReRAM.

The further improvement of the proposed CMO must consider the assessment of its
stoichiometry with advanced techniques such as XPS, thus ensuring an even finer
tuning of the oxygen content in the layer and hence of the switching behaviour
in the devices [4]. The importance of the TaO, thermal properties, mentioned in
the present work as well as in [18], [19] and [20], clearly motivates for the deter-
mination of the thermal conductivity of this layer. This material property can be
obtained through the techniques described in [62], thus allowing for an additional
degree of freedom in the improvement of device performances. Moreover, the ap-
parently contradictory electrical equivalent model obtained from CTLM experiment
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and Impedance Spectroscopy one suggests the requirement of a deeper understand-
ing of the conduction mechanisms in the substoichiometric layer. More electrical
characterization and temperature-dependent measurements could be performed to
acquire this knowledge [63]. The control of the CMO properties is fundamental for
further reducing the intra-device and inter-device variability.

The achieved linear, symmetric, and analogue weight update during pulsed pro-
gramming of the proposed bilayer ReRAM pushes for its integration into CBA.
This step hides several challenges that must be addressed but that go beyond the
scope of this work. They include processing challenges mainly regarding the scaling-
down of the device area to the nm? range while still preserving the bilayer ReRAM
properties and stability. Moreover, related to the array size, issues associated to
device yield and array parasitics that can degrade the system performance may
show up [2]. Finally, the power consumption of a CBA embedding the proposed
bilayer ReRAM devices must be considered, with M2 range resistances that would
be desirable in future neuromorphic systems [9].

The interpretation of the switching behaviour in the proposed bilayer ReRAM by
means of Impedance Spectroscopy is surely exciting. However, further investiga-
tions are required to establish the proposed physical model. A deeper insight in the
complex nanoscale phenomena can be obtained thorough temperature-dependent
Impedance Spectroscopy [64]. More advanced techniques, such as in situ Scan-
ning TEM (STEM) and Electron Energy-Loss Spectroscopy (EELS)[65] could also
be beneficial, allowing to assess the redox changes during the switching process.
Scalpel Scanning Probe Microscopy (SPM) [12] could be used to locate and char-
acterize the OEL region as well as the CF.
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Appendix A

Supplementary information
on material characterization

A.1 GIXRD and XRR analysis on a tatalum sam-
ple

A nominally 10 nm thick Ta sample was deposited to have a reference that can help
during the identification of the crystalline phase of TaO,. It was deposited by DC
magnetron sputtering on a standard 500 pm Si substrate (with native SiOy always
present on top). The sputtering process was performed after five minutes of target
cleaning and three of pre-sputtering at the following conditions:

e DC power: 300 W.

o Chamber pressure: 4 pbar.
o Argon flow rate: 20 sccm.
o Sputtering time: 100 s.

A GIXRD scan (w — 20) was performed at w=1.30° and varying 20 between 20°
and 50° in steps of 0.02°. The time per step was fixed to 2 s. The background
subtracted raw data of the GIXRD pattern is shown in Figure A.1.

In Figure A.1 is shown as the Ta sample is characterized by a tetragonal 5-Ta crys-
tallographic phase, in agreement with [46]. The observed peaks, which are labelled
in Figure A.1, are determined by the Gaussian deconvolution of the GIXRD profile,
as reported in Figure A.2.
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Figure A.1: Background subtracted GIXRD scan at w=1.3° of a Ta sample de-
posited on a standard Si substrate. The nominal peak position of tetragonal §-Ta
are reported from the reference database [34], with the correspondent Hermann-
Mauguin space group. Only observed peaks are indexed.
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Figure A.2: Gaussian deconvolution of the GIXRD peaks in the pattern of the Ta
sample deposited on Si substrate.
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A.1 - GIXRD and XRR analysis on a tatalum sample

An XRR scan was also performed to check the thickness and the density of the
deposited film. The scan was performed varying 20 in the range 0° to 10° in steps
of 0.01°. The integration time in each step was fixed to 1 s. The raw data and the
simulated XRR pattern are reported in Figure A.3, while the fitting parameters are
summarized in Table A.1.
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Figure A.3: XRR experimental pattern (black line) and corresponding simulated
curve (blue line) for the Ta sample. The inset shows the simulated stack.

Material | Thickness [nm] | Roughness [nm] | Density [g/cm?]
Native TayOs5 1.5 0.4 8.4
Ta 9.8 0.3 16.4
Native SiO, 2.6 0.3 2.4

Table A.1: XRR fitting parameters of the Ta sample deposited on Si substrate.

The expected thickness of the Ta layer is obtained and the high density is typical of
a metallic material. A native oxide with a thickness of 1.5 nm tends to form on top
of the metallic film because the layer was exposed to open air before performing
the X-ray characterization.
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A.2 Transmission Electron Microscopy (TEM) anal-
ysis of a ReRAM device in pristine state

A Transmission Electron Microscopy (TEM) analysis was performed by a colleague
on a pristine ReRAM device embedding in the stack a nominally 20 nm thick TaO,
deposited at 9 pbar. A TEM cross-sectional image of this device is reported in
Figure A .4.
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Figure A.4: TEM image of a (6 x 6) pm? pristine device embedding in the stack a
nominally 20 nm thick TaO, deposited at 9 pbar. In the insets a zoom on the left
edge of the VIA and a further one on the device stack are shown.

The TEM micrograph supports the material analysis since the device has not been
subjected to any electrical stimulus. Only processing steps were performed and,
because of their CMOS-compatibility, they should not drastically modify the char-
acteristics of the deposited layers. The measured TaOy thickness from the TEM
image of almost 20 nm is in agreement with the hypothesis of linear growth rate
of the layer, since it was deposited in 167 s. However, the measurements reported
in Figure A.4 could be not extremely accurate, since they are obtained trying to
recognize colour contrast. This is true especially for very thin films like the HfO,
or the interfacial layers.

The result shown in Figure A.4 clearly confirms the presence in the layer stack
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of an interfacial layer between the dark TaO, and the HfO,, as well as between
the HfO5 and the TiN. Moreover, in the insets of Figure A .4 it is clearly visible a
colour contrast in the dark TaOy, which identifies vertically columnar grains, thus
confirming the crystallinity of this layer.

A.3 Focused Ion Beam (FIB) cross-section of a
ReRAM device in pristine state

A Focused Ton Beam (FIB) cross-section of a pristine device was performed by a
colleague in order to validate all the processing steps. In Figure A.5, a Scanning
Electron Microscope (SEM) image of the cross-section of a pristine device embed-
ding a 30 nm thick TaO, deposited at 9 pbar is shown. Figure A.5 supports the
computed TaOy thickness by the XRR fit presented in Section 4.1.3. The thickness
value reported in Figure A.5 must be taken only as a reference, because it has been
measured manually by looking to the colour contrast.

/2021 | dwell HV HFW

48 PM | 30 ps | 18.00 kV | 597 nm

Figure A.5: SEM image of a (12 x 12) pm? pristine device embedding in the stack
a nominally 30 nm thick TaO, deposited at 9 pbar.

A.4 GIXRD and XRR analysis on TaO, deposited
on SiO./Si substrate

A TaO, sample was deposited with the same sputtering conditions, and a chamber
pressure of 9 pbar on a 100 nm thick SiO layer, to understand the impact of the
growth of the substoichiometric layer on a different substrate than the device stack
one. The deposition of the SiOs layer was performed with PECVD at a temperature
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of 300 °C and a pressure of 1000 mTorr. The plasma was generated with 2% of
SiH4 (150 scem) and NoO (710 scem) as gaseous sources, and an RF power of 20 W.
A GIXRD scan (w — 20) was performed at w=0.65° and varying 20 between 20°
and 50° in steps of 0.02°. The time per step was fixed to 10 s. The background
subtracted raw data of the XRD pattern is shown in Figure A.6.
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Figure A.6: Background subtracted GIXRD scan at w=0.65° of a TaO, sample
deposited at 9 pbar on SiO4/Si substrate. The nominal peak positions of the various
TaO, stoichiometries and Ta are reported from the reference database [34], with
the correspondent Hermann-Mauguin space group. Only peaks with an intensity
larger than 30% are indexed for clarity of the representation.

Figure A.6 shows an X-ray diffraction pattern that is slightly different from the
one reported in Figure 4.1. The absence of the (2 0 0) peak of TiN is a further
confirmation that this peak in Figure 4.1 is associated to the TiN layer in the stack.
Moreover, it is observed a difference in the cumulative peak of the GIXRD pattern
when the TaOy is deposited on SiO/Si substrate rather than on HfO,/TiN/Si
substrate. In the latter stack the additional contribution of the (1 1 1) peak of TiN
must be considered. However, the deconvolution of the cumulative peak shown in
Figure A.7 highlights a slight difference with respect to Figure 4.2(d), underling a
possible different growth of the material. As mentioned in Section 4.1.2, it is not
possible to classify the sample in a defined crystalline phase, while the presence of
different suboxide phases is more probable. Indeed, both the (1 1 1) peak of TaO
and the (1 0 1) of TaO, are present in the GIXRD pattern shown in Figure A.6.
They are in agreement with the fitted peaks 4 and 5 in A.7, respectively.
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Figure A.7: Gaussian deconvolution of the GIXRD peaks in the pattern of a TaO,
sample deposited at 9 pbar on SiO,/Si substrate.

An XRR scan was performed varying 20 in the range 0° to 10° in steps of 0.01°. The
integration time in each step was fixed to 1 s. The raw data and the simulated XRR
pattern are reported in Figure A.8, while the fitting parameters are summarized in
Table A.2.

Material | Thickness [nm] | Roughness [nm] | Density [g/cm®]

T-TaOy 26.4 1.4 10.7
B-TaOy 2.3 0.8 9.7
Si04 100.0 1.3 24

Table A.2: XRR fitting parameters for a nominally 30 nm TaO, deposited at 9
pbar on SiO4/Si substrate.

As it is possible to observe from the values reported in Table A.2, the TaO, thickness
is close to the expected 30 nm. The layer can be divided in a top layer (T-TaOy)
and bottom one (B-TaOy). The T-TaOy shows a thickness, roughness and density
that are in agreement with the deposition on HfO,/TiN/Si substrate (see Table
4.1). On the other hand, B-TaOy is characterized by a larger density than the one
reported in Table 4.1. This observation could hide a difference in the growth of
the first nanometers of the TaO,. This growth difference can be associated to the
thickness of the amorphous oxide on top of which the substoichiometric layer is
deposited or also to the stoichiometry of the oxide itself.
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Figure A.8: XRR experimental pattern (black line) and corresponding simulated
curve (violet line) for the TaO, sample deposited at Py, of 9 pbar. The inset shows
the simulated stack.

A.5 CTLM fitting curves for TaO, deposited on
HfO,/TiN/Si substrate

In this section the fitting curves for all the CTLM structures measured for each
TaO, deposited on HfO,/TiN/Si substrate are reported. As already mentioned
in Section 4.1.4, the sample deposited at 11 pbar was not measurable within the
instrument limits because its insulating nature, thus it is not reported in Figure
A.10.

In Figure A.10, it is possible to notice the presence of some curves that give rise to
a negative value of contact resistance. This result is attributed to the difference in
dimensions between the structures on the mask and the actual ones on the chip that
gives rise to an horizontal shift in the fitting curves. Nevertheless, the large slope
observed in all the samples highlights the very small contribution of the contact re-
sistance and the reliability of the sheet resistance measurement. Some experimental
data points were excluded during the fitting because the correspondent structures
were short-circuited. However, each fitting is done on at least three measured data
out of five in order to have a reliable measurement.
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A.6 CTLM fitting curves for TaO, deposited on
Si0-/Si substrate

CTLM structures were fabricated on a 100 nm thick SiOs film deposited by PECVD
on a Si substrate. The fitting curves with the data points used during the fitting,
as well as their correction, are reported in Figure A.11.

From these fits, the values of the sheet resistance and of the resistivity are com-
puted. These values are reported in Table A.3, while they are also plotted as
function of the deposition pressure in Figure A.9.

Deposition pressure [pbar] | R, [k/O] p [Qpm)]
6 3.96 & 0.06 108.63 £+ 1.74
7 14.74 £ 0.79 | 421.65 £ 22.56
8 33.46 £ 0.53 | 936.97 £ 14.77
9 98.32 £ 3.02 | 2811.95 £ 86.42
10 234.71 £ 1.58 | 6783.03 £ 45.52
11 — —

Table A.3: Sheet resistance Ry, and resistivity p as function of the deposition
pressure for TaOy samples deposited on SiOs/Si substrate. These values were not
measurable for the sample deposited at 11 pbar.

Figure A.9 shows that both the sheet resistance and the resistivity increase as
function of the deposition pressure, in agreement with the deposited samples on
HfO,/TiN/Si substrate. However, even if the observed trend is the same, a slightly
difference between the values reported in Table A.3 and those in Table 4.2 is no-
ticed. It could be associated to a slightly difference in the growth of the material
accordingly to the substrate.
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Figure A.9: Plot of the sheet resistance Ry, (a) and the resistivity p (b) as function
of the deposition pressure for the TaO, samples deposited on SiOs/Si substrate.
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Figure A.10: Fitting curves of all the CTLM data for the TaO, deposited on
HfO,/TiN/Si substrate at a different value of deposition pressure: 6 pbar (a), 7
pbar (b), 8 pbar (c), 9 pbar (d), 10 pbar (e).
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Figure A.11: Fitting curves of all the CTLM data for the TaO, deposited on SiO,/Si
substrate at a different value of deposition pressure: 6 pbar (a), 7 pbar (b), 8 pbar
(c), 9 pbar (d), 10 pbar (e).
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Appendix B

Supplementary information
on Impedance Spectroscopy

B.1 Printed-Circuit-Board (PCB) design and mea-
surements

A Printed-Circuit-Board (PCB) was designed and soldered to validate the Impedance
Spectroscopy setup presented in Section 3.2.3. In this section, an analysis of the
measurements on surface-mounted devices (SMD), such as capacitors and resistors,
is presented.
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* SMD capacitors in planar configuration without conductive + SMD capacitors in planar configuration: R=10 Q to 10 MQ.
backside: C=1 pF to 1 pF. + SMD inductors in vertical configuration: L=10 nH to 1 uH.
* SMD capacitors in planar configuration with conductive
backside: C=1 pF to 100 nF. « PCB wires in vertical configuration: Length= 3.66 mm to
» PCB capacitors in vertical configuration: C= 10 fF to 1 pF. 9.15 mm.
* PCB wires in planar configuration: Length= 3.66 mm to 9.15
mm.

Figure B.1: PCB frontside (a) and backside (b) with a summary of the passive
components integrated.

141



Supplementary information on Impedance Spectroscopy

The proposed analysis justifies the measurement parameters and the device config-
uration used during the Impedance Spectroscopy experiments on ReRAM devices.
Figure B.1 shows that the PCB includes all the possible passive components that
can be found in an electronic circuit: capacitors, resistors and inductors. These
components are in the form of 0603 SMD ones which allow for a reduced par-
asitic contribution and smaller dimensions if compared to devices soldered with
through-holes technology. Moreover, additional capacitors are designed consider-
ing the static relative permittivity of the FR/ insulator of the PCB board (4.4) and
the thickness of the board itself (1.6 mm). Simple wire connections with different
length are also present on the PCB for testing their contribution and to allow for
a better SHORT correction.

Two configurations of connections to the components have been designed in order
to discriminate the impact of measuring with and without the chuck connection.
Figure B.2 shows the measured magnitude and phase of the impedance of the re-
sistor components contacted using two pads (planar configuration) and those of
the devices connected between a pad and the chuck through a VIA in the board
(vertical configuration).
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Figure B.2: Impedance magnitude (a) and phase (b) of the SMD resistors in planar
and vertical configuration measured using an AC voltage V¢ in rms of 50 mV
superimposed to a bias voltage Vpc of 0 V and averaging over 3 measurements
each frequency point.

The two configurations of resistors are measured in the same conditions. After per-
forming an OPEN correction with the tool, a SHORT correction is also performed
by using W1 and W1V structures on the board. Then, the devices are measured
using an alternating voltage Vac in rms of 50 mV, which is superimposed to a bias
voltage Vpe of 0 V, and each of the 41 frequency points is measured as the average
of three measurements. Each frequency point is measured with an integration time
set to LONG in the tool in order to obtain a better accuracy and stability of the
measurement, while the delay time between two data points was set to 200 ms.

Apart from a capacitive contribution in the more resistive components, Figure B.2
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B.1 - Printed-Circuit-Board (PCB) design and measurements

displays a noisier behaviour in both phase and magnitude for the vertical con-
nected resistors. The noise increases going towards larger values of resistance since
the test current measured by the tool is reduced. This behaviour is observed also
by measuring the capacitor devices in both configurations with the same measure-
ment parameters, as it is represented in Figure B.3. Indeed, for the vertical con-
nected capacitors, reducing the capacitance value towards 1 pF results in a noisier
measurement due to the capacitive parasitic contribution of the chuck connection.
Moreover, a larger inductive contribution at high frequency is observed for the ver-
tical components with respect to planar ones. These results clearly highlight the
need of planar devices for performing the modelling of bilayer ReRAM. In this way,
it is possible to get rid of the parasitic effects created by the chuck connection at
the BE of the devices.
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Figure B.3: Impedance magnitude (a) and phase (b) of the SMD capacitors in
planar and vertical configuration measured using an AC voltage V¢ in rms of 50
mV superimposed to a bias voltage Vpc of 0 V and averaging over 3 measurements
each frequency point.

We evaluated also the impact of the alternating voltage amplitude on the measure-
ment of a 100 pF capacitor in planar configuration. The result shown in Figure
B.4 highlights how increasing the alternating voltage magnitude, a better accuracy
of the measurement is reached in the phase, since it gets closer to the theoretical
constant value of 90°. Instead, the measurement of the magnitude of the impedance
is not affected by the amplitude of the applied AC signal. As a consequence, the
measurement on the ReRAM devices is performed at 200 mV. This voltage level
allows to obtain a good accuracy in the measurement without altering the device
itself, as it is demonstrated in section B.4.

The impact of the averaging was also studied considering both SMD planar capaci-
tors and resistors. The measurements done averaging 32 times each frequency point
or only 3 times are compared for this purpose. Figure B.5 and Figure B.6 show
that increasing the averaging times allows to reach values closer to the theoretical
ones in the components impedance, especially in the phase. Moreover, averaging 32
times the frequency points allows to reduce the parasitic inductive effect observed
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at high frequency. On the other hand, the averaging does not play a crucial role in
measuring SMD resistors. This is probably due to the larger test current that the
tool measures for these components with respect to the SMD capacitors.
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104 3 90k /\_/\ = M

102 10° 10* 10° 108 102 10° 104 10° 108
frequency [Hz] frequency [Hz]

— V=25 mV —V, =100 mV
—V o= 50 mV Vo= 200 mv

Figure B.4: Impedance magnitude (a) and phase (b) of the 100 pF SMD capaci-
tors in planar configuration without conductive backside measured at different AC
voltages V a¢ superimposed to a bias voltage Vpce of 0 V and averaging over 3 mea-
surements each frequency point.
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Figure B.5: Impedance magnitude (a) and phase (b) of the SMD capacitors in
planar configuration without conductive backside measured at AC voltages V¢ in
rms of 50 mV superimposed to a bias voltage Vpc of 0 V and averaging over 32 or
3 measurements each frequency point.

As already motivated, planar devices are the best configuration to measure since
parasitic contributions are reduced. However, when planar devices are measured
the chuck cannot be removed since it holds in place the chip by the application of
vacuum; hence it must be left to a floating potential. The effect of having or not a
conductive backside connection to the electrically floating chuck was studied using
SMD capacitors. The result reported in Figure B.7 clearly shows that having or
not a conductive backside connected to the electrically floating chuck does not play
any role in determining the accuracy of the impedance measurement.
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B.2 — Mathematical description of how to fit complex impedance data
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Figure B.6: Impedance magnitude (a) and phase (b) of the SMD resistors in planar
configuration without conductive backside measured at AC voltages V¢ in rms
of 50 mV superimposed to a bias voltage Vpc of 0 V and averaging over 32 or 3
measurements each frequency point.
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Figure B.7: Impedance magnitude (a) and phase (b) of the SMD capacitors in
planar configuration with and without conductive backside. They are measured
using an AC voltage V¢ in rms of 200 mV superimposed to a bias voltage Vpg of
0 V and averaging over 32 measurements each frequency point.

B.2 Mathematical description of how to fit com-
plex impedance data

This section is intended to guide the reader through the post-processing of the
Impedance Spectroscopy data, explaining how the raw data is mathematically elab-
orated and fitted to obtain the equivalent electrical model of the DUT.

Once the tool corrections are applied, the impedance of the device Zpyr and the
one of a "dummy" structure Zsgorr are measured. The "dummy" structure is im-
portant to remove all additional series contribution to the device. Examples of
"dummy" structures can be the W1 and W1V lines on the PCB. In the case of the
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device, a "dummy" structure is simply the same device structure but W substitutes
the active layers, thus accounting for the unwanted series contribution coming from
the metal layers that connect the tip to the device. The correction for this series
contribution can be obtained applying equation (B.1).

Zcorrected = ZDUT - ZSHORT (Bl)

A further open correction could be also applied mathematically in this post-processing
step. In this work, it was not applied since no further improvement in the measured
data was observed and even an overcorrection was obtained in some cases.

Once the corrected data are ready, the fitting step can start. Here the fitting is
explained by the example of a model that takes into account a capacitor C, in
parallel with a resistor R, then connected to a series component R;. We have
chosen this example since it is the one observed in all the states of the ReRAM
devices studied in this master thesis. A graphical representation of the model used
is drawn in Figure 3.18. In this case, the nonlinear function to fit the data depends
on the three parameters of the model and it is reported in equation (B.2).

1
Z(Cp, Rp, Rs) = (ijp + ﬁ)il + Rs (B2)
P

where w is the angular frequency, which can be related to the standard frequency
f, with the equation (B.3).

w=2mf (B.3)

The fitting approach followed consists to evaluate the model on the data and to
adjust the model parameters in order to obtain a better electrical description of the
acquired data. In order to define how much close the model is with respect to the
data, a function which accepts the model parameters, as well as the n data, and
that returns the sum of squared errors for the model Z(C,, R,, R;) was defined.
The sum of squared error function is reported in expression (B.4).

= |Zdata| - |Z|z

>

=1 Zrange

®data - @z

@range

)*+ ( )* (B4)

where |Z|; and ©; are the values of the magnitude and phase of the computed
impedance by the model for the data ¢, while the ranges elements refer to:

Zrange = |Zdata’ma:v - ‘Zdata|min (BS)

@range = (H)datamagC - @datamm (B6)
146



B.3 — Electrical equivalent circuit of TiN/HfO,/Pt devices with VIA in the MESA corner

The fminsearch function in MATLAB is then used to find the parameters that
minimize the objective function (B.4). However, since fminsearch searches for a
local minima in the objective function and not for an absolute one, a good set of
starting values for the model degrees of freedom should be passed to the function.
This is fundamental to achieve a good fit without reaching the maximum number
of iterations allowed by the software.

B.3 Electrical equivalent circuit of TiN/HfO,/Pt
devices with VIA in the MESA corner

A comparative analysis for the two configurations of TiN/HfO5/Pt devices having
a VIA in the MESA corner which is scaling or not, is here provided. For both
configurations the model used to fit the data is exactly the same as the one explained
in Section 4.3.4 with three degrees of freedom: a capacitive element C; a leakage
resistor Rjea; and an equivalent series resistance Reg;.
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Figure B.8: Plot of the capacitive contribution C in the model as function of the
area of TiN/HfO, /Pt microstucture with scaling or small VIA in the corner.

The capacitive contribution increases linearly with the device area, as already shown
in Figure 4.45. The standard formula of the capacitance in a parallel plate capacitor
can be inverted to obtain the static relative permittivity. The result plotted as
function of the device area in Figure B.9 shows that the static dielectric constant
is unexpectedly increasing for the devices having an area between 900 pm? and 144
nm?, like in Section 4.3.4. This result can be commented in the same way as in
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Section 4.3.4 referring to the possible contribution of fringing fields or to the tool
limitations.

25 H 1 1 o Square device with scaling VIA in the corner

Square device with small VIA in the corner

20w
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108 10* 10°
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Figure B.9: Plot of the static relative permittivity €, as function of the area of
TiN/HfO, /Pt microstucture with scaling or small VIA in the corner.

Regardless of device-to-device variability, Figure B.10 shows as the Ry, parameter
decreases by increasing the device area. This trend is independent from the VIA
dimensions thus stressing the dependence of this parameter on the HfO, properties.
The high values assumed by Rye.x further confirm the more insulating behaviour of
this sample with respect to the one embedding the TaOy layer.

Finally, the result plotted in Figure B.11 shows the saturation of the Reg, for square
devices with scaling VIA in the corner and larger areas than 3600 pm?. Moreover,
an increase of this resistive contribution for square devices with small VIA in the
corner and areas larger than 3600 pm? is observed. This behaviour in the R is
exactly the same of Figure 4.41, thus it can be attributed in the same way to the
different length of the current paths.
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Figure B.10: Plot of the leakage resistance R as function of the area of
TiN/HfO, /Pt microstucture with scaling or small VIA in the corner.
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Figure B.11: Plot of the equivalent series resistance resistance Reg as function of
the area of TiN/HfO/Pt microstucture with scaling or small VIA in the corner.
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B.4 AC voltage impact on Impedance Spectro-
copy measurement of TaO,/HfO, bilayer ReRAM
device in pristine state

Increasing the alternating voltage amplitude used for the impedance measurement
leads to a more accurate result, as already shown in Figure B.4. However, it is
not yet clear if this measurement parameter has an impact on the ReRAM devices.
For this reason, a (80 x 80) pm? square device with scaling VIA in the corner was
subjected first to five consecutive measurements at an increasing voltage amplitude
from 25 mV to 500 mV (in rms). Then, it was remeasured at a voltage of 200 mV
to observe if the device has changed during the measurements or not. The bode

plots of the experimental data, as well as the fitting result, are reported in Figure
B.12.
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Figure B.12: Bode plots of the impedance expressed in magnitude and phase, as
well as real and imaginary part, for a (80 x 80) pm? square device with scaling
VTIA in the corner subjected first to five consecutive measurements at an increasing
voltage amplitude V¢ (in rms) from 25 mV to 500 mV and then again to 200 mV.
The V z¢ is superimposed to a bias voltage Vpc of 0 V and each frequency point is
averaged 16 times.
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B.5 — Impedance Spectrocopy measurement of TaOy/HfO2 bilayer ReRAM device in pristine state down to 20 Hz

Figure B.12 shows that the imaginary part is not affected by V¢ amplitude, being
all the experimental points and the fitting curves perfectly overlapped. This result
is extended to the magnitude and the phase of the impedance, since the imaginary
part represents the major contribution. On the other hand, the increase of V¢
amplitude results in the reduction of the noise in the real part at low frequencies.
Indeed, the experimental points below 500 Hz are scattered if the measurement is
taken at 25 mV, whereas a smoother curve is already observed at 200 mV. However,
increasing the amplitude of the AC measurement voltage does not imply a better
fit in the real part of the impedance of the ReRAM device in pristine state. A
larger frequency range may be beneficial for this purpose.

The good superposition between the data points recorded in the two measurements
performed at 200 mV clearly shows that this V¢ amplitude can be used to measure
the bilayer ReRAM devices without producing a major alteration in them.

B.5 Impedance Spectrocopy measurement of TaO/HfO,
bilayer ReRAM device in pristine state down
to 20 Hz

The observation of a first-order system in the Impedance Spectroscopy measurement
described in Section 4.3.5 could be related to the limited frequency range in which
the measurement is performed. The precision LCR meter HP /284A used in this
master thesis work allows to take measurements at most from 20 Hz to 1 MHz.
In order to further support the proposed model for the ReRAM devices in pristine
state, a 1600 pm? square device with small VIA in the corner was measured in both
the typical frequency range used in this work (from 100 Hz to 1 MHz) and from 20
Hz to 1 MHz. The results are compared in Figure B.13, which shows that the two
measurements are perfectly overlapped from 100 Hz to 1 MHz. However, below
100 Hz the measurement starts to be very noisy with the appearance of even some
negative values in the real part R of the impedance. This result demonstrates that
the measurement is affected by tool limitations which are probably related to a non-
perfect calibration at low frequencies. These limitations prevent from performing
the Impedance Spectroscopy measurements with the widest possible range.

The value assumed by the three model variables in both frequency ranges is reported
in Table B.1. C and R, remain almost unaffected by the enlargement of the
frequency range. On the other hand, Rj.. presents one order of magnitude of
difference between the two measurements. This observation suggests that limiting
the measurement in the range 100 Hz-1 MHz leads to an underestimation of the
Ricax. However, the poor tool accuracy at low frequencies does not allow to reach
a solid conclusion.

The tool limitations are not observed in the imaginary part of the impedance and
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hence neither in its magnitude and phase. This is sufficient to conclude as the first-
order system proposed to describe the bilayer ReRAM devices in pristine state is
still valid even reducing the lower measurement frequency bound to 20 Hz. Higher
order contributions are outside from this range or hidden behind the dominant
contribution observed.
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Figure B.13: Bode plots of the impedance expressed in magnitude and phase, as
well as real and imaginary part, for a (40 x 40) pm? square device with small VIA
in the corner measured in the frequency range from 20 Hz to 1 MHz and from 100
Hz to 1 MHz. A V¢ of 200 mV (in rms) is superimposed to a bias voltage Vpc of
0 V and each frequency point is averaged 32 times.

20-1-10° | 23.70 19.40 90.90

Table B.1: Value of the parameters of the model for a 1600 pm? square device with
small VIA in the corner measured in the frequency ranges of 20 Hz-1 MHz and 100
Hz-1 MHz.
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B.6 — Fitting of Impedance Spectrocopy data for a TaO,/HfO, bilayer ReRAM device in post-forming, HRS and LRS

B.6 Fitting of Impedance Spectrocopy data for a
TaO,/HfO, bilayer ReRAM device in post-
forming, HRS and LRS

The fitting curves of the experimental data after electroforming, in LRS and HRS
for the TaO,/HfO, bilayer ReRAM device analysed in Section 4.3.6 are reported
in this section to stress the validity of the proposed first-order model also when the
device is electrically stimulated.
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Figure B.14: Fit result for a 1600 pm? TaO,/HfO, bilayer ReRAM device with
small VIA in the corner in post-forming state. It is represented as bode plots (a)
and Nyquist plot (b).
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Figure B.15: Fit result for a 1600 pm? TaO,/HfO, bilayer ReRAM device with
small VIA in the corner in HRS. It is represented as bode plots (a) and Nyquist
plot (b).
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B.7 — Evolution of the electrical equivalent circuit of TaO/HfOg bilayer ReRAM device during SET process
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Figure B.16: Fit result for a 1600 pm? TaO,/HfO, bilayer ReRAM device with
small VIA in the corner in LRS. It is represented as bode plots (a) and Nyquist
plot (b).

B.7 Evolution of the electrical equivalent circuit
of TaO,/HfO; bilayer ReRAM device during
SET process

The modelling of the device in the different resistive states presented in Section
4.3.6 was performed on data acquired by measuring its impedance after the DC
programming described in Section 4.3.1. In this section instead, a different ap-
proach is followed to measure the device impedance: the impedance is measured
while performing the voltage sweep required for programming the device in LRS.
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Figure B.17 depicts the two components of the voltage signal Vgignar applied on
the device: a DC bias Vp¢ for making the state transition occurring and an AC
voltage Vac of 200 mV (in rms) for measuring the impedance. All the measure-
ments are performed averaging only 8 times each frequency point to reduce both
the electrical stress on the device and the measurement time with respect to aver-
aging 32 times.

v Vsinat
AC Vsinat

(1)
I\/ :-'t-i Ve I Vac

—+

Figure B.17: Schematic representation of the voltage signal Vgignar applied on the
device for measuring its impedance while the resistive state is changing.

A (60 x 60) pm? square device with a small VIA in the corner was subjected to
electroforming with standard DC method. Consequently, its resistance dropped to
248 k(2 (if it is read a 0.2 V). Then a first bidirectional voltage sweep on Vp¢ from
0V to-1.4V in steps of 0.2 V was applied to SET the device. The impedance was
measured for each Vpe, and the evolution of the parameters of the model while
the switching was occurring is reported in Figure B.18. The values assumed by the
model parameters are also listed in Table B.2.

Figure B.18 shows that the capacitive contribution C of the system remained con-
stant during both forward and backward sweep. This further supports the con-
siderations made in Section 4.3.6 on its bulk origin or the impossibility to observe
its possible change due to phenomena occurring at the interface between TaO, and
HfOs. On the other hand, increasing the Vp¢ during the forward sweep, the leakage
resistance Ryea decreased. This reduction is still attributed to the removal of oxy-
gen ions from the CMO layer that on their own recombine with oxygen vacancies
in the filament region. During the backward sweep, Rieax was always lower than
its corresponding value on the forward sweep, thus highlighting the occurrence of a
SET transition. A non-linear character in the LRS can be also observed in Figure
B.18.

The thinning of the filament (without any breakage occurring) due to the SET event
in the filamentary-based model proposed can be observed in the slight increase of
the values assumed by the equivalent series resistance Reg in the backward sweep
with respect to the forward one. However, a negative value of R, was obtained
from the fitting when the biggest change in Rje.x was observed. This negative value
does not have any electrical meaning from a model point of view, but it strongly
suggests that the device was heavily modified when Vpe=-1.4 V was applied. This

156



B.7 — Evolution of the electrical equivalent circuit of TaO/HfOg bilayer ReRAM device during SET process

strong modification occurring in the device results in very noisy data points which
make the fitting much more difficult, if compared for example to the one of the
precedent measurement at Vpc=-1.2 V, as it is shown in Figure B.19. Figure B.18
highlights also that an higher magnitude of Vpc was required for setting the device
in LRS with respect to what is reported in Section 4.3.1. We attribute this result
to the larger post-forming resistance of this device with respect to the one analyzed
in Section 4.3.1, as well as to the limitation of the DC current provided by the
precision LCR meter HP 4284A, as reported in [41].

° I 1
° 100 ° . . . s :
—_— °
=2 10} g 0
3 o £-100
X 4
-200
L ]
; : -300 . .
-1.5 -1 -0.5 0 -1.5 -1 -0.5 0
Voc M Vpe VI
60 T T
° . ° ° . ° ° 1t forward sweep
'—40 | /\
L
= 1.4V oV
© 20}
0 15t backward sweep
-1.5 -1 -0.5 0

Ve VI

Figure B.18: Evolution of the three model parameters C, R and Reg during a
bidirectional voltage sweep on Vpg from 0 V to -1.4 V for a (60 x 60) pm? square
device with a small VIA in the corner.

FWD Vo[Vl ClpF] R, [0] ClpF] R [0]
52.8 256.0 65.7 0.0V 52.2 187.0 108.0
52.8 227.0 63.8 -0.2V 52.7 127.0 80.7
52.8 182.0 65.1 -0.4V 52.5 63.6 88.5
52.8 144.0 66.9 -0.6 V 52.7 49.2 63.6
52.9 111.0 68.5 -0.8V 53.1 41.4 109.0
52.7 82.8 64.4 -1.0V 53.0 33.6 71.7
53.1 57.4 73.1 -1.2V 52.9 27.5 80.1
53.1 23.5 -268.0 -

Table B.2: Values assumed by the three model parameters C, Rjeax and Reg, during
a bidirectional (FWD=forward, BWD=backward) voltage sweep on Vpc from 0 V
to-1.4 V for a (60 x 60) pnm? square device with a small VIA in the corner.

A second voltage sweep on Vpe from -1.4 V to -2.4 V was then applied to the
device to achieve a lower LRS. A positive value of R, was measured at a DC bias
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of -1.4 V, thus suggesting the stabilization of the device state with respect to the
previous voltage stimulation. However, even if coherently with the proposed model
the Rieax was decreasing by reducing Vpc to -1.8 V, the R, was also decreasing.
This can be explained by the still non-optimal fitting because of the noisy data
points collected or also it can be attributed to the appearance of some competing
mechanisms that tend to wider the filament. An example of this competing mech-
anism could be the incorporation of oxygen ions in the Pt grains (most probably
due to physisorption or chemisorption within grain boundaries [58]) which results
in the creation of additional oxygen vacancies that reduce the energy barrier at the
BE interface.
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Figure B.19: Fit result for a (60 x 60) pym? square device with a small VIA in the
corner when a DC bias voltage of -1.2 V(a-b) or -1.4 V(c-d) is applied. The fit
result is represented as bode plots (a-c) and Nyquist plot (b-d).

The jump in the equivalent series resistance to 498.0 {2 when -2.0 V are applied
may suggest the dominance among the competing processes of the filament thin-
ning. Moreover, when the DC bias reached the value of -2.4 V., an abrupt increase
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of the leakage resistance was observed while R, dropped down. The strongly cor-
related change in the two resistance contributions can be explained by the breaking
of the filament as consequence of the huge oxygen vacancies recombination induced
by the very large negative voltage applied. This hypothesis is supported by the
values assumed by the Rje. during the second backward sweep, which were in the
order of hundreds of k2 or even Mf). Indeed, the gap spacing between the active
electrode and the filament can be modelled as the parallel between a resistor and a
capacitor, as already reported in [40]. However, the total capacitance of the system

was not subjected to major changes even when the filament breaks, thus further
stressing its bulk origin.
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Figure B.20: Evolution of the three model parameters C, R and R during a
voltage sweep on Vp¢ from -1.4 V to -2.4 V and then back to 0 V for a (60 x
60) nm? square device with a small VIA in the corner. The values of the model
parameters are also reported in the plots when a Vpc=1.5 V is applied.

FWD c
VoclVI |  [pFl
53.6

25.6 90.6 0.0v
18.3 47.4 -0.4V 53.6 3.1-10% 70.7
17.7 -11.8 -0.8V 54.0 1.7-10° 76.2
15.2 498.0 -1.2V 53.9 896.0 79.7
205.0 88.9 -16V 54.5 598.0 OIS

-2.0V 55.0 363.0 96.2

1.2:103 67.9

Table B.3: Values assumed by the three model parameters C, Rjeax and Reg, during
a voltage sweep on Vpe from -1.4 V to -2.4 V and then back to 0 V for a (60 x
60) nm? square device with a small VIA in the corner. The values of the model
parameters at Vpe=1.5 V are also reported.
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When the filament breaks, the model remains in first approximation the one for
a first-order system with the contributions to the parameters that are those illus-
trated in Figure B.21.

WPt HO,MTaO, TiIN W 0% [llVo" I Defect

1 1 1 1
C = ( + + +——)"
Creo,  Cupo,  Crao, — HfO2pierace  Coap
Reor = RTiN-TaOs 101 raee + BH 01— Pt + R ilament
f inter face
Ricak = Ricakroo, + Bleakpao,—H F02mierface T Ricakgay

Figure B.21: Graphical representation of the contributions to the EEC model pa-
rameters in a TaO, /HfO5 bilayer ReRAM device when the filament breaks.

Finally, if a positive DC bias of 1.5 V was applied, the oxygen ions were gathered in
the TaO, layer, thus leaving behind additional oxygen vacancies that started to fill
the gap, as it is observable from the reduction of the Rje. in Figure B.20. However,
the still high value of Rje.x, as well as the unchanged value of R, suggests that
the filament is not yet "plugged" to the CMO layer.

The experiment discussed in this section strongly supports the proposed filamentary-
based model, since it demonstrates that the model can describe also a device of a
different size and a different post-forming resistance with respect to the one ana-
lyzed in Section 4.3.6.

B.8 Analysis of the relaxation time constant in
TaO,/HfO; bilayer ReRAM device while switch-
ing

A deeper analysis of the data collected during the sweeps on the DC bias voltage

Vpe reported in Section B.7 highlights a shift in the frequency f,.x at which the
maximum in the imaginary part of the impedance is observed. The shift can be
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visualized for each of the DC bias sweeps in Figure B.22 and it indicates a single
relaxation process in the device. A relaxation time constant 7 can be computed for
each measurement accordingly to equation (B.7) [59] and its evolution during each
sweep is reported in Figure B.22.

B 1
B 27Tfmam

Figure B.22 shows that 7 decreases by increasing the magnitude of the Vp¢ applied
to the device, with an interesting linear trend for what concerns the first voltage
sweep applied to the device. This behaviour of 7 is associated to an enhancement
of the electrical conductivity in the device, and it is perfectly in agreement with
similar observations found in literature on Metal-Insulator-Semiconductor (MIS)
structures [59]. In [59], the phenomena is explained as a further carrier injection
in the capacitor. However, being the ReRAM device more complex than a simple
capacitor, this explanation must be refined considering more advanced analyses.
Indeed, the presence of the filament in the HfO, suggests to attribute the observed
decrease of the relaxation time constant to solely a larger transition probability
in the CMO, as already observed in other semiconducting transition metal oxide
like TiO4 [60]. This argumentation leads to classify the TaO, as a relaxation semi-
conductor, which is defined by the condition that the dielectric relaxation time
is longer than the free carrier lifetime [61]. Nevertheless, this also means that a
rupture in the filament should not play any role on the time constant. However,
Figure B.22 (c) and (d) show that when the filament is ruptured, 7 increases. This
result highlights a filament contribution and when it breaks, the carrier conduction
becomes much more difficult, as it is expected.

Making a complete reasoning about the observed phenomena with this simple anal-
ysis is for sure premature but the proposed results can be a starting point for more
advanced analyses which may lead to the full identification of the conduction mech-
anisms taking place in the bilayer ReRAM devices.

(B.7)

T
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Figure B.22: Plot of the imaginary part X of the impedance for a (60 x 60) pm?
square device with a small VIA in the corner as function of the measurement
frequency and the computed relaxation time constant 7 during a voltage sweep on
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from -2 V to 0 V (d).
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