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ABSTRACT

TREATED HfO; BASED RRAM DEVICES WITH Ru, TaN, TiN AS TOP
ELECTRODE FOR IN-MEMORY COMPUTING HARDWARE

Yuvraj Dinel:l)l,kumar Patel
The scalability and power efficiency of the conventional CMOS technology is steadily
coming to a halt due to increasing problems and challenges in fabrication technology.
Many non-volatile memory devices have emerged recently to meet the scaling
challenges. Memory devices such as RRAMs or ReRAM (Resistive Random-Access
Memory) have proved to be a promising candidate for analog in memory computing
applications related to inference and learning in artificial intelligence. A RRAM cell has a
MIM (Metal insulator metal) structure that exhibits reversible resistive switching on
application of positive or negative voltage. But detailed studies on the power
consumption, repeatability and retention of during multi-level operation have not been

undertaken previously.

Transition metal oxide-based RRAMs, using HfO,, executes change in resistance
(switching behavior) via electrochemical migration of oxygen vacancies. This thesis
investigates the role of extra oxygen vacancies, introduced by plasma exposure (treated),
in HfO, to reduce the power consumption of RRAM. In addition to oxygen vacancy rich
HfO,, various top metal electrodes including Ruthenium (Ru) are explored to enhance the
switching behavior and power consumption. Use of Ru as a top metal reduced the

switching energy of the treated HfO, RRAM device.
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CHAPTER 1

INTRODUCTION

1.1 Background

Semiconductor has played a vital role in the technology world, especially semiconductor
memory technology has implemented a wide variety of applications for users. In
comparison, for mass production and high performance, continuous scaling of
semiconductor technology has allowed high density integration. Non-volatile NAND
Flash memory represents a significant portion of the industry. Scaling it down further
from 20 nm technology nodes has not drastically increased the performance. However,
the scaling has increased the fabrication cost. The scaling down of the technology node
has not significantly reduced the scaling cost per transistor in recent nodes, as shown in

figure 1.1 and figure 1.2 [1].
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Figure 1.1 The graph of technology node in nm vs transistor manufacturing cost is
shown.
Source: [1]
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Figure 1.2 Three types of SoC design is compared in the graph with the manufacturing

year and technology node vs the cost in millions of dollars.
Source: [1]

Different types of memory systems have been suggested as an alternative
approach to the existing memory systems, which can be combined with the existing
CMOS technology for improved performance, lowered fabrication costs, and therefore,
lower the overall power requirement. Resistive Random Access Memory (ReRAM or
RRAM) has more benefits than the current emerging technology, but it stands out as a
serious contender for NAND Flash memory. Furthermore, the evolution of in-memory

computing and artificial intelligence hardware requires more innovative RRAM devices.

RRAM technology has proved itself in many aspects of semiconductor
technologies, like high speed switching, high storage density, enhanced scalability, and
multilevel storage capacity. Although such characteristics such as endurance, retention
and controllability of switching characteristics are being investigated further [2] to

integrate into standard CMOS nodes.



The RRAM technology can be integrated into many areas such as Neuromorphic
computing, Al, Nano storage memory [3], Non-volatile logic and security applications
etc. Ironically, more than 50 years ago [4-6], the fact that insulators can have a change of
resistance while adding electrical filings was discovered. But after 2004, when Samsung
presented a paper at the Electron Device Meeting, the industry started taking an interest

in resistive switching memory. Fig. 1.3 shows the evaluation and market share of RRAM

from 1962 to 2017.
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1.2 RRAM Devices and Applications
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Figure 1.3 The evaluation of the RRAM devices.

Source: [7]



The RRAM's common structure consists of an insulator sandwich between two
metals, in the shape of a metal-insulator-metal capacitor. The resistance of the insulator
that serves as the switching layer is modified when an electric field is applied to the top
and bottom metal electrodes, as shown in figure 1.4 (a). The device switches between a
high resistance state (HRS) to a low resistance state (LRS). This is possible because of
the formation of a conducting filament between the electrodes. In some cases, a unipolar
potential can switch the device from HRS to LRS and LRS to HRS (figure. 1.4b). In
other instances when a reverse potential is applied the conducting filament ruptures and
the devices returns back to HRS (figure. 1.4c). Depending on the structural composition
of the switching layer of the RRAM, the choice of top metal and the bottom electrode the

switching characteristics will differ, as shown by figure 1.4b and figure. 1.4c.

-
Voltage RESET Comp"ancJ ..... :
............ el il
HRS

Current
Current

Metal Oxide HRS
F Yool foompance|  RESEN /-
LRS
— Voltage Voltage
(@ (b) (c)

Figure 1.4 (a) Schematic of MIM structure for metal-oxide, and schematic of metal-
oxide memory’s I-V curves, showing two modes of operation: (b) unipolar and (c)
bipolar.

Source: [8]

Various combination of insulating materials and top and bottom electrode metals

determines the formation of the RRAM device. The elements in the periodic table that



exhibit bistable resistance switching materials are shown in yellow in Fig. 1.5 and the

metal that can be used for electrode are shown in blue [8][9].
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Figure 1.5 Periodic table with elements able to exhibit bistable resistance switching are

shown in yellow, and the metal that can be used for electrode are shown in blue.
Source: [8][9]

1.3 Types of RRAMs

RRAMSs exhibits switching characteristics by change in resistance. However, change in
resistance can be achieved using various techniques or materials. In this section a few
different devices are discussed that have unique way to store memory and have various

characteristics.
1.3.1 Ferroelectric RAM (FRAM)

In 1987, FRAM (Ferroelectric Random Access Memory) has been introduced for the first
time and reported low power consumption and high endurance [10]. FRAM is made of a
ferroelectric capacitor, commonly PZT(Pb(Zr,T1)O3), which is responsible for switching

characteristics. The resistance change happens as a result of the change in polarization



introduced by electric fields. Hysteresis behavior is shown after electric field application, as
can be seen in figure. 1.6 [11]. FRAM is indeed not readily scalable, restricting its usage to
limited storage space devices. Usually, PZT and the electrode material, which is mainly

inert material, typically create scaling process difficult [12].
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Figure 1.6 Polarization-voltage (p-v) hysteresis curves are shown. Black line and red line

show the p-v hysteresis before and after thermal depolarizations.
Source: [13]

1.3.2 Magnetoresistive RAM (MRAM)

MRAM stands for Magnetoresistive Random Access Memory, which uses two key electron
characteristics, namely 'spin and charge' to store the data. MRAM is classified into devices

that use magnetic moment (spin) and charge and are referred to as spin electronics devices.

The structure of the MRAM device, shown in figure 1.7, demonstrates a layer stack
in between the electrodes in the form of a Magnetic tunnel junction (MTJs). MTJ facilitates
electron transport by the phenomenon of tunneling. Under the top electrode, the first layer is
called the free layer, where the magnetic orientation is programmable. The bottom-most layer
is called the pinning layer and the reference layer is called on top of that. The pinned layer

and the free layer are separated by a thin insulator that enables electron tunneling. At the time



of fabrication, the magnetic spin on the pinned layer is fixed. The pinned layer contributes to
the MRAM in reading and writing. To form the anti-ferromagnet structure, the pinned layer

has two sublayers that are separated by Ruthenium [14][15].

Upper Electrode

Free layer
Barrier layer

Reference layer Lower Electrode

Anti-Ferro layer

B Free layer (Ferromagnetic)

] insulator (Mg0O)

B Pinned layer (Ferromagnetic)

B Pinning layer (Antiferrromagnetic)

Figure 1.7 MRAM structure is shown in the figure, with different layers and their names.

The newer memory called Spin Transfer Torque-MRAM(STT-MRAM) has enhanced
the speed, power consumption, better scalability and endurance of MRAM performance.

Scalability for this technology, though still remains a bottleneck [16].

1.3.3 Phase Change Memory

PCM stands for Phase Change Memory, which follows a similar concept to CDs and DVDs
for memory storage. PCM is known to be one of the most advanced RRAM innovations to
come [17]. PCM defines two stages of transition in resistivity: polycrystalline and
amorphous. Low resistivity refers to the polycrystalline phase and high resistivity applies to
the amorphous phase. PCM employs chalcogenides as they have shown phase shift

capabilities.



As shown in the figure 1.8, changes in phase material activate the resistance change
and thus control the PCM memory cell's conductivity based on an applied voltage. During
fabrication of PCM, the crystallized phase (ordered) is set. The material must be heated
above its melting point to achieve an amorphous phase from the crystalline phase. After the
heat treatment it settles rapidly to a disordered state. The material must be heated below the
melting point to obtain the crystalline phase back from the amorphous phase (disordered).
There would be high resistance to the amorphous phase and low resistance to the crystalline
phase. Considering its high speed, endurance and extremely high retention capacity, PCM
memory has the potential to replace existing DRAM technologies. In recent years, with
current memory technologies, PCM has also started to come to market as hybrid memory.
Intel also released the data memory Optane, which uses PCM as the latest hybrid memory

technology [18].

(a)
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Lo

Top electrode

>

RESET pulse

Phase change
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Temperature

Insulator
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Programmable
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Figure 1.8 (a) Device structure of the PCM with the switching dielectric and (b) The
SET-RESET pulse graph is shown.
Source: [17]

1.3.4 Conductive Bridge RAM (CBRAM)



CBRAM is known as a conductive Bridge RAM or programmable metallization cell. Due
to the forming and breaking of conductive filament (CF) in solid electrolyte, resistive
switching in CBRAM occurs. Filament formation and breakage are known to be due to
the movement of metal ions [19][20].

We can see that CBRAM consists of three layers, the top electrode, the solid
electrolyte and the bottom electrode, as shown in the figure 1.9. Usually, the top electrode
or active layer is made of Ag or Cu, the solid electrolyte may be made of chalcogenide
material, and usually the bottom layer or inert layer is made of inert material such as Pt or
W.

— —

TE (Cu or Ag) TE (Cu or Ag) N
— T *iZe =

)
x ——1 M= -
jons{, M=M=+Ze

9 ions | 2r \
T M™Ze=M

I~ M=M=*+Ze"
L L
h
-— | metallic — | metallic
filament filament

(a) (b)
Figure 1.9 Device structure of CBRAM is shown in the figure with (a) HRS (b) LRS.

The set process Fig. 1.9(a) occurs when a device is placed under a positive
electric field, the metal ions from the top electrode forms CF and that filament is ruptured
from the top metal when a negative electric field is applied, thus reset occurs. In
comparison, CBRAM exhibits low energy consumption, high endurance and good

scalability.

1.3.5 Oxide-based RAM (OxRAM)



OxRAM stands for oxide-based RAM. MIM is the RRAM unit structure (metal-insulator-
metal). The insulator is resistive oxide that is normally sandwiched between two metal
electrodes. The oxide resistance is altered by the application of electric field. Low
resistance state (LRS) is obtained when a positive electric field is applied, while high
resistance state (HRS) is obtained when a negative electric field is applied. OxXRAM's
switching mechanism is based on the oxide used for fabrication. There are two types of
classification: electrochemical metallization effect and the oxygen vacancy migration
effect [7]. Electrochemical metallization includes a conductive filament formation of
metal ions in the insulator lattice after the application of a positive electric field (LRS)
and the rupture of the conductive filament occurs after the application of a negative
electric field (HRS). Oxygen vacancies, though, are responsible for the formation of the
conductive filament in the later type of OxRAM. Since OxRAM with an oxygen
migration effect is the topic of research of this study, the next section discusses the

thorough understanding of the operating mechanism.

1.4 Working Principle of Basic RRAM

As discussed in the above sections, the basic mechanism of RRAM consists of a change in
the resistance state. The transition from the state of high resistance (HRS) to the state of low
resistance (LRS) is called the SET process, while the change from LRS to HRS is called the
RESET process. The initial voltage that the device switches is called forming voltage in the
SET process, so that the voltage to which the device switches is marginally greater than the
set voltage. This process is called conductive filament formation. A compliance current is set

to reduce the current on both the SET and RESET processes in order to control the growth of

10



the filament and prevent permanent dielectric breakdown. However, until the electric field is
applied the unit remains in either LRS or HRS state, which illustrates the non-volatile nature
of the RRAM. Like conventional CMOS technology, reading the SET or RESET state ('1' or
'0") involves the use of very limited voltage amounts. The switching system is primarily
categorized into two types: Unipolar and Bipolar switching, depending on the SET and
RESET phase categorization. The unipolar switching, as shown in the figure 1.10(a), does
not depend on the polarity of the electric field applied across the device, but on the
magnitude of the compliance current. However, if the bipolar switching occurs when the
polarity is switched (positive and negative voltage), then it is called bipolar switching. In
bipolar switching, however, the principle is opposite to unipolar switching, as shown in
figure 1.10(b) where at the positive voltage the SET process takes place and at the negative
voltage the RESET process takes place. Table 1.1 displays some of the device structures that

have shown the mechanism of Unipolar and Bipolar switching [21][22]

Table 1.1 Shows Different Configuration of RRAM Devices with Unipolar and Bipolar
Switching Characteristics

Unipolar Bipolar
PYMNiOV/Pt [7] PrMNiO/SrRuCy [54]
PUTiO:/Pt [8] PUTiOTiN [55]
PUZnO/Pt [18] TiN/ZnO/Pt [56]
PYZr0, /Pt [57) TifZr0, /Pt [57]

PUHIO; /Pt [58] TiNHID, /Pt [59]
Pt/Al;04/Ru [60] Ti/ALO4/Pt [61]

Source: [8]

11
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Figure 1.10 (a) Unipolar switching I-V characteristics (b) Bipolar switching I-V
characteristics.
Source: [23]

1.5 Motivation for The Thesis

Low power consumption, speed improvement, high endurance and retention rate can
make the RRAMs very beneficial to the current silicon industry. Even though as there is a
lot of research going on to come up with a reliable RRAM technology, there is still no
prominent players in the industry. On the brighter side, in combination with conventional
CMOS technology, several enterprises have already begun developing RRAM
products. In addition, the aim of this thesis is to provide support to the current research
of RRAM in terms of switching power reduction. This work is motivated to give valuable
knowledge for further research by providing useful information on transition metal-oxide

RRAM that exhibits very low power switching characteristics.
1.6 Thesis Organization

Chapter 1 describes a high-level knowledge of the Silicon market to emerging cutting
edge techniques for memory cells, comprising the background details and general

information about the RRAMs.

12



Chapter 2 introduces Transition metal-oxide RRAM, and provides comprehensive
knowledge about the operating mechanism, and structural details. In particular, the
devices covered in this research paper are illustrated with details of the materials used to

fabricate the devices and their effects on the switching mechanisms.

Chapter 3 outlines the experimental details used in this thesis. Various deposition
techniques used to fabricate the device, the structure of the device, and the measurements

techniques are explained.

Chapter 4 represented the results of the experiments. It includes plots on the top

layer of the characteristics of the device with various metals.

Chapter 5 reflects a comparison of the findings given in Chapter 4 as per the use
of various top electrodes. Using resistance plots, it compares various metals and possible

multi-level states.

Chapter 6 summarizes and concludes as well as the future analysis that can be

performed in the study on the devices presented.
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CHAPTER 2

CURRENT STATUS OF RRAM DEVICES WITH TRANSITION METAL
DIELECTRIC

The dielectric layer plays an important role for the RRAM switching. Recently, many
transition metal oxides such as HfO,-based RRAM devices are reported to exhibit
nonvolatile data storage potential. HfO, is extensively studied for the RRAM application.
However, stoichiometric HfO, is not suitable because of lack of enough oxygen
vacancies and requires high forming voltage that leads to higher power consumption.
Therefore, different HfO, based dielectric materials are investigated to improve the
performance of RRAM devices. In the following sections we discuss the working
principle and various methods to control the oxygen vacancy concentration in transition

metal oxides.

2.1 Detailed Working Principle of Transition Metal Oxide RRAM

Transitional metal oxide RRAM have two operation mechanism as discussed before. In this
section OxRAM with oxygen migration will be discussed. The mechanism of switching of
the RRAM to execute reversible LRS (‘0’) and HRS (‘1’), involves initialization of forming
process. As mentioned in the above section, the mechanism involves migration of oxygen
ions, O”" and thereby generating oxygen vacancies (V,%). The forming process initializes a
conducting path or a conducting filament when a fresh sample is placed under an electric
field. The voltage is typically higher than the set voltage. Once higher voltage is applied, soft
dielectric breakdown occurs, and as shown in the Fig. 2.1. The oxygen atoms present in the

dielectric material starts moving towards anode in form of oxygen ions (O %) and leaving
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behind oxygen vacancies (V,?). The oxygen vacancies form the conducting filament from
cathode and anode [24]. The oxygen ions at the anode interface forms an interfacial oxide
layer by reacting with the top metal at anode or getting discharge as non-lattice oxygen (if the
top interface is inert material), making the anode interface oxygen rich. The electron flow is
established in the CF by the oxygen vacancies, and hence a LRS is observed. Multiple
connections are formed with the top metal instead of a single connection, moreover, the
number of connections is controlled by the compliance current which prevents dielectric
breakdown. However, two types of RESET process are possible depending on the material
structure. In the unipolar switching after application of higher current, the oxygen ions
migrate back to CF and combines with oxygen vacancies, because of Joule heating current. In
the bipolar switching inverse electric field must be applied for the oxygen ions present in the
interfacial layer to overcome the diffusion barrier and migrate towards the oxygen vacancies.
Once the oxygen ions combine with the oxygen vacancies, the conductive path is ruptured,

and the sample returns the HRS.

During the SET process the ruptured CF is repaired. Therefore, the SET voltage is
lower than the initial forming voltage. The process of SET and RESET is repeatable until the
permanent dielectric breakdown occurs in which the oxygens ions are not able to overcome

the diffusion barrier and there is a permanent formation of CF [24][25].
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Figure 2.1 Switching mechanism in RRAM with oxygen migration is shown with
markers of oxygen ions, oxygen vacancy and oxygen atom. A complete SET-RESET

process is shown with forming process.
Source: [8]

2.1.1 Advantages of HfO, over HfO,

The switching characteristics depends both the switching dielectric and top/bottom
electrode. In this thesis, devices with Hafnium oxide-based dielectric are studied.
However, in previous studies a stoichiometric HfO, dielectric layer as shown higher
amount of power requirement for switching. Stoichiometric HfO, has reduced amount of
free oxygen vacancies, and because of that higher CC is required to knockout more
oxygen vacancies and form the conductive filament [26]. As a result, there is large
overshoot of current in the forming process and a CF with larger diameter is formed.
Also, due to high CC the knocked-out oxygen ion forms permanent bond the top
electrode making it hard to break the CF and perform RESET. The non-stoichiometric

HfO has a large number of oxygen vacancies, introduced during the fabrication process
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or because of the selection of top/bottom electrode. Due to presence of oxygen vacancies,
a rather soft dielectric breakdown occurs with lower CC as shown in the figure 2.2. There

is a smaller current overshoot leading to formation of CF in controlled manner [28] [27].

(A) / (

\E|

5 o @"'
HfOx N ; Hf02
W 2V v . lLarge
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| Uﬁm/ovemhoot \ \ l-overshoot
compliance compliance

Applied Bias (V) Applied Bias (V)

Figure 2.2 (a)The electron flow mechanism in leaky HfOy is shown with the CC vs
applied voltage graph (b) The electron flow mechanism in stochiometric HfO, is shown

with the CC vs applied voltage graph.
Source: [26]

2.2 Hafnium Based RRAM Devices

As present HfO; is used as a gate dielectric in standard CMOS technology. Therefore, use
of HfO, as a switching dielectric in RRAM devices is desirable because of it
compatibility for integration in CMOS technology [29]. In this study, hafnium-based
RRAMs are studied that will be explored further in depth with separate selections of top

electrodes.

2.2.1 Oxygen Vacancies Management

Oxygen vacancies play a significant role in CF formation and therefore control the

process of switching. The oxygen vacancies are uniformly distributed in the HfOx over
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the thickness of the layer. However, depending on the top and bottom electrodes, the
concentration of the vacancies can be more or less towards the top or bottom electrode
interface. Details regarding the impact of top and the bottom electrodes are discussed in
the subsequent section of this chapter. Reactive metal electrodes such as Ti or TiN
scavenge oxygen ions form the dielectric and form interfacial layers of TiOx or TiON
respectively. After the application of electric potential across the device, interfacial layers
are formed. The oxygen ions, however, stay in oxide depending on the top metal or
oxidize with the top metal. Studies have shown that reactive metals such as Ti, TiN,

relative to inert metal electrodes such as Pt, exhibit less forming and set voltages.

The switching mechanism is controlled by oxygen vacancies with different
charges. In a study conducted by Chung et al [30] it is stated that Hafhium oxide layer
contains oxygen vacancies with charge states: 0, +1 and +2. Oxygen vacancies with
charge states 0 and +1 have negative cohesive energy and because of that they tend to
cluster and form the conducting filament [30]. Table 1 shows the cohesion and formation
energy for the vacancies with different charge states. The study also states a forming
model which states that knocked out oxygen ion passed through the metal/oxide interface
and generates vacancies with charge state +2 which then traps electrons from bottom
electrode and forms neutral oxygen vacancies with O charge. The neutral vacancies
cluster around to form CF, however the study suggest strong presence of vacancies with
charge +1 in the CF as the migration barrier height of the neutral oxygen vacancy in

HfOx is much higher that the operating voltage.
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Table 2 Table with Formation Energy and Cohesion Energy of Vacancies with Different
Charge is shown

V3 Vo Vo™
Formation Energy (eV) > deV <0eV < -4eV
Cohesion Energy Negative Negative Positive

Source: [30]

2.3 Materials and Processing for Power Reduction

There is a great deal of research going on to find the appropriate material configuration
for RRAMs to reduce power. The power demand for the device has been improved by
various configurations, such as the inclusion of a buffer layer in the device structure,
before or after the switching dielectric layer. In a recent study [31], the Al,Os buffer layer
in the RRAM based on HfO; induced a significant reduction in power relative to standard
HfO, RRAM. Since Al,0O; has lower activation energy (1.8eV) than HfO, (4.6 eV)
oxygen vacancies are produced at a higher rate in the Al,O; layer. When this buffer layer
is introduced between the top electrode and the dielectric switching power is significantly
reduced as compared to when this buffer later is introduced between the bottom electrode
and the HfO,. Therefore, distribution of oxygen vacancies in the dielectric is critical to

switching power reduction in the RRAM devices.

2.3.1 TiN as Top Electrode

Titanium nitride is a less reactive towards oxygen then titanium (Ti). TiN is used as a

buffer layer in addition to Ti for more control over CF formation in RRAMs with oxygen
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migration-based switching. Previous studies have shown a tighter distribution of set and
reset voltages with TiN used as buffer layer to the top electrode [32]. Upon application of
an electric field to the device, oxygen scavenging layer of Ti attracts oxygen ions towards
itself however, upon continuous cycles of set and reset this proves to be a side effect as
the device keeps on getting degraded. But it is believed that addition of TiN buffer layer
to the Ti layer controls this scavenging of oxygen in a controlled manner and regulates
HRS and LRS to a tighter variation. The work function of Ti is around 4.3ev whereas of

TiN is 4.5ev, which results in movements of electrons from Ti towards TiN.

2.3.2 Ti as Top Electrode

Titanium (T1) is considered to be reactive to the oxygen [33] [34] and previous studies
have shown that the Ti/HfO, interface has accounted for more oxygen vacancy in the
dielectric layer. After being placed under an electric field, Ti in the RRAM reacts with
the oxygen ions present in the oxide-electrode interface. The reaction results in TiOx and
HfO2-x through the interface with the x variable. Oxygen ions, however, form a reactive
Ti electrode compound and thus leave behind oxygen vacancies that assist in the
formation of CF. A clustered structure forms the oxygen vacancies and thus creates a
conducting path for the electrons to pass and set the device to LRS. Therefore, Ti as a top
electrode tends to minimize set voltage, but by trapping much of the oxygen ions needed

for the reset process, it also affects the reset process [35].

2.3.3 Ru as Top Electrode
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Ruthenium (Ru) is an inert electrode used as a top metal electrode in the RRAM studied
in this thesis. Ru is a transition metal with one electron in its outer most orbit. The work
function of Ru is 4.7¢V [36] with electrical resistivity of ppux = 7.1 pQ.cm. Ru top metal
electrode attracts more oxygen towards metal-dielectric interface, increasing the

concentration of oxygen vacancies at the Ru/HfO, [37].

Ru metal as top electrode with HfO, have shown good reactivity towards oxygen
present in the interface causing to increase in work function after the interfacial RuOx
oxide layer is formed. The oxidation of Ru leads to formation of more oxygen vacancies

in the oxide layer and thereby contributing to the switching power reduction. [38]

2.3.4 TaN as Top Electrode

TaN exhibits bipolar switching characteristics as expressed in reference [39]. The
research paper also claims that RRAM with TaN as top electrode shows quasi-ohmic
current in its low resistance state and ohmic and space charge limited current in high
resistance state. TaN shows similar properties to TiN top metal electrode, the switching
mechanism of RRAM with TaN as top electrode involves formation of oxygen vacancies
as a conductive path and rupturing of the conductive path by recombination of the oxygen

ions [40].

TaN shows great reactivity toward oxygen and oxidizes to TaON because of
oxygen scavenging property. The interfacial layer to the TaN (top metal electrode) and
dielectric with form a non- uniform oxide layer which further changes the interface

property and helps in the switching characteristics. [41]
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2.3.5 HfO, as Switching Dielectric

Hafnium oxide is used commonly for transition metal oxide RRAM as a switching layer.
It is mostly deposited using atomic layer deposition (ALD) technique for achieving thin-
layer films with more control, uniformity and good interface. ALD deposited hafnium
oxide films are very stochiometric with very a smaller number of defects. However, in
oxygen vacancies-based switching RRAM, presence of more defects is necessary to
avoid hard breakdown and ensure reversible switching [28][42]. To increase the number
of defects in the hafnium oxide layer for lowering the power of forming voltage and set
voltage, reactive layer of Ti, TiN or Ta are usually deposited as top electrodes which
reacts with the knocked-out oxygen ions and produces extra oxygen vacancies.
Moreover, other techniques to increase the defects in hafnium oxide like oxygen plasma

treatment is explained in next section. [43].

The calculated activation energy for HfO, is 4.6eV [44], it is significant in
formation and rupture of CF. Also, the grain boundaries present in the HfO, lattice
account for the path of the soft-dielectric breakdown, that leads to formation of

conductive path [45].

2.3.6 Plasma Treatment

Oxygen plasma treatment on hafnium oxide dielectric layer is performed for reduction in

switching power. As explained in section 2.1, oxygen vacancies play major role in

22



switching mechanism. Extra oxygen vacancies formation in the dielectric layer can cause
power reduction. The oxygen plasma treatment can increase number of defects in the
HfO, layer [46], the layer is exposed to oxygen plasma for certain amount of time. This
introduced defects (oxygens ions and oxygen vacancies), in the layer which further helps

in CF formation and power reduction.

2.4 Top and Bottom Electrode Selection

Proper selection of top and bottom electrode metals is required for enhanced
performance, endurance, retention rate and power reduction. Physical properties such as
barrier height are highly responsible for switching mechanism in RRAM devices. The
role of top electrode is superior as compared to bottom electrode in oxygen migration in
RRAM since the reaction of top electrode is highly responsible for the CF formation. The
bottom electrode is responsible for generating extra vacancies in the dielectric layer and

providing electrons for conduction mechanism.

2.4.1 Barrier Height

Barrier height are resultant from difference in the energy barriers of the two material. In
our case barrier height is observed at the interface of the metal and dielectric or oxide
layer. This dielectric-metal interface barrier height is called Schottky barrier height. The
exchange of electrons at the interface results in the barrier height, the estimation of the
barrier height is done by calculating the difference of the work function of the materials.
[47]. The barrier height is modulated by the reactivity of the top metal electrodes and the

defects present in the dielectric layer.
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The barrier height of the TiN/HfO, interface is lower than the barrier height of the
TiN/Si0O,, according to previously conducted studies the barrier height of the HfO,/TiN
interface is calculated to be 1.6eV [48] [49]. The oxygen scavenging property of TiN is
reasonable for lowering of the barrier height. Similarly, the barrier height of the TaN
interface is found to be 1.08-1.68eV [50] considering the electron affinity of HfO, to be
2.08eV and work function of TaN to be 3.9-4.5eV. The barrier height of the Ru interface
should be similar considering the similar work function of 4.7e¢V [37]. The oxygen
plasma treatment of the HfO, changes the electron affinity and reduces the barrier even
further. The Schottky barrier height changes after the filament formation depend on the
LRS or HRS. When the CF is formed extra vacancies are generated (depending on the

current flow) and that lowers the barrier height [30].

2.4.2 Effects of Change in Barrier Height in HfO, and HfO,

The barrier height is responsible for the amount of oxygen ions diffusion into the top
metal electrode and formation of interfacial oxide layer that controls the growth of CF
and therefore, is responsible for the switching power. Effect of lowering of barrier height
is highly responsible for the reduction in the switching power requirement. Lower barrier
causes more oxygen ions to react with the oxygen scavenging top electrode and thereby
leaving less free oxygen ions to join back with oxygen vacancies which helps in required

set and forming power.

2.5 Summary

24



To summarize, this chapter covered the reported recent literature of RRAM devices with
transition metal oxides that exhibit switching characteristic using oxygen vacancies in the
metal oxide. Detailed switching characteristics of RRAM was explained in first section,
which includes the clustering of oxygen vacancies in the oxide layer to form CF on
application of electric field across the top and the bottom electrode. It also states the
advantages of non-stochiometric HfOy over stochiometric HfO, due to presence of
oxygen vacancies that help in reducing the set voltage and help the devices to switch at
lower compliance current. Moreover, this chapter introduces to the hafnium-based
RRAM and oxygen vacancies management which is the focus of the thesis. It also
describes the selection of top and bottom electrode metals based on certain physical and

chemical properties.
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CHAPTER 3

EXPERIMENTAL DETAILS

This chapter covers the details of the structure of the devices that were studied in this
thesis. Also, it contains the deposition techniques that were used to deposit the layers of
the RRAM devices. Moreover, in the later section description of the tools used to

characterize the devices is provided.

3.1 Deposition Techniques

The devices were fabricated at Tokyo Electron Limited (TEL) using different deposition
techniques. 300 mm wafer was used to deposit the devices and then later diced in to 4
pieces for studying electrical characteristics. The structure of the devices is further
explained in next section, the switching layer of HfO, is deposited using atomic layer

deposition technique (ALD). The ALD process is carried out on TEL Trias™ ™

platform
with shower-head type 300mm reactor, Tetrakis (ethylmethylamido) hafnium was used as
Hf precursor for HfO, deposition at 250°C deposition temperature and H,O as co-
reactant. The detailed HfO, deposition is discussed in, [28], [44], [51], [52]. However,
developing novel idea of plasma treatment of oxide layer was introduced. HfO, was

exposed to oxygen plasma to introduce defects into the layer which helps in the power

reduction of the RRAM.

ALD technique was also used to deposit TiN for device with Ru as top electrode.
Physical vapor deposition (PVD) techniques was used to deposit other top metal and

bottom metal electrode. Moreover, ultra-high vacuum was used for all the deposition
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techniques to avoid oxidation of the layer. MIM structures were analyzed using Titan
aberration-corrected scanning transmission electron microscope (AC-STEM) at 300kV
and was patterned using standard photolithography. Focused-ion beam (FIB) methods
were used to develop the samples, electron beam was used to record the bright-field (BF)

and high-angle annular dark field (HAADF) images.

3.2 Structure of The Devices

PVD TiN 50nm PVD TiN 50nm
PVD TiN : ALDTiN
50nm Top Electrode = po TaN  smn : Top Electrode
HfO2 + trt 50 0
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+———— Dielectric ————— Hi02+tt g0
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Figure 3.1 (a) Device structure of PVD Ti/PVD TiN/HfO,/Ru/PVD TiN is shown. (b)
Device structure of PVD Ti/PVD TiN/HfO,/Ru/ALD TiN/PVD TiN (¢) Device structure
of PVD Ti/PVD TiN/HfO,/TaN/PVD TiN

Various MIM structure of the RRAM fabricated at TEL contains different layers
fabricated with different techniques. Three different structures were fabricated for
comparison purposes with oxygen plasma treated dielectric and different top metal
electrode. Figure 3.1(a) (TiN-Device) shows structure for Snm PVD TiN deposited on the
top of 6nm oxide layer which is reactive to oxygen as discussed in previous chapter.
These structures are discussed later for comparison to Ru top metal with plasma treated

HfO, switching layer.
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Figure 3.1(b) (Ru-Device) has structure with Snm Ru deposited on top of 6nm
oxygen plasma treated dielectric layer. Snm ALD TiN and 50nm PVD TiN is deposited
on top of Ru metal. As discussed before, Ru metal forms an interfacial layer at the
interface. TiN acts as padding metal and oxygen scavenging metal electrode which helps
in controlled formation of CF and reduction in power requirement for the RRAM. As
shown in figure similar bottom electrode is deposited in all the three structure with 10nm
PVD Ti and 50nm PVD TiN deposited in top if Si substrate. Top electrode and dielectric

layer are etched for experimental research purposes.

Figure 3.1(c) (TaN-Device) shows structure for Snm TaN deposited on the top of
6nm oxide layer that acts as oxygen scavenging layer by reacting with free oxygen ions
in the oxide/metal interface and reduces the power requirement. 50nm PVD TiN is
deposited on top of TaN as an extra oxygen reactive layer and a padding layer. Top

electrode and dielectric layer are also etched for this device.

3.3 Electrical Characterization of The Devices

Figure 3.2 Picture of Keysight B1500 semiconductor device parameter analyzer.
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B1631A RSU for WOFMU [Triaxial]

Figure 3.3 The remote-sense and switch unit is shown which is connecter to the B15S00A

and probe station.

A Keysight B1500 semiconductor device parameter analyzer was used to perform the
electrical characterization shown in figure 3.2. It is the next-generation semiconductor
parameter analyzer that has the measurement capabilities required to test the reliability of
advanced CMOS LSI (large scale integration) circuits. Moreover, the resident
EasyEXPERT control software of the BISO0A comes with ready-to-use measurement

libraries covering all of the typical reliability tests for CMOS devices.

The B1500A Semiconductor Device Analyzer is primarily used in our work to
take on the I-V characteristics of RRAM devices. The B1500A needs to be paired with a
probe in time to capture RRAM measurement. By inserting the wafer in the grounded
chuck, the probe system is used to take the RRAM wafer and to allow improved
microscopic observation. As can be seen in Fig 3.3, the relation between B1500A and the
prober system is accomplished via an accessory called RSU (the remote-sense and switch
unit). We should also use two probes in our experiment. One probe is attached to the
surface of the top electrode of the RRAM unit and the other is connected to the grounded

probe station chuck, which is a wafer placement platform that needs to be tested in the
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microscopic method. The Keysight EasyEXPERT software, which exists on the PC-based

B1500A, is a powerful Microsoft Windows parametric application program.

Combined with an elegant graphical user interface, EasyEXPERT offers an easy
and efficient measurement and analysis environment. By using a convenient graphical
user interface, different parameters can be configured. By setting the double I-V sweep
curve, the I-V characteristics of ReRAM devices can be measured. The method of
measurement can be switched between a single cycle and a repetitive cycle. Often after
continuous application of the reset phase, the higher Ry value is achieved, which can be
accomplished independently by running the reset cycle to allow a full conductive
filament split. The measured noise levels of BIS00A are < +10pA at 4V, however the

light source was turned off for noise reduction caused due to photons.

3.4 Principle of IV Characteristics
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Figure 3.4 The graph shows the forming process, SET-RESET process and the
compliance current in the I-V characteristic of a general oxide-based RRAM.

A typical current-voltage (I-V) characteristic of a RRAM cell in log-scale is shown in the

figure 3.3 with initial current sweep and hysteresis behavior which shows the change in
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resistance and therefore able to write and erase memory. The figure 3.3 shows the bipolar
forming process for a typical RRAM cell. However, the forming voltage may differ with
device to device for same metal electrode and it will also differ for different structure of
the RRAM devices. As discussed in chapter 2, the forming process involves the initial CF
formation in the switching layer and changing the device from HRS to LRS. RRAM with
oxygen vacancies migration (which are studied in this thesis) involves formation of
oxygen ions and reaction with top metal electrode to form an interfacial layer and leaving
behind oxygen vacancies that cluster around and form a conductive path for electrons to

migrate.

As shown in the figure 3.3 forming voltage is typically higher than the SET
voltage as higher voltage is require for soft dielectric breakdown. To find the correct
forming voltage, the compliance current (CC) was gradually increased from lower current
to higher current till the soft dielectric breakdown occurs within the switching dielectric
and a CF is formed. Also, gradual increase of CC is required for soft dielectric
breakdown, jumping to higher voltage can lead to hard dielectric breakdown and a non-
reversible CF is formed and ability of RRAM to switch from HRS to LRS and vice a
versa is lost. The increase of CC for finding the forming voltage was started from InA
and 3V. For the Ru devices the forming voltage was typically around 1V with 3-15nA
CC, whereas for TiN it was 500mV with 500nA-1.5uA CC and 1.5V with 1.5-2uA CC
for TaN devices. After the CF is formed, the RESET process ruptures the filament and
HRS is obtained. For device to switch to LRS again the SET process must be performed.

The CC current can be reduced to lower the power until LRS and HRS are
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distinguishable, also it can be increased above the forming process current for a more

distinguishable LRS and HRS.

3.5 Summary

Experimental details of the thesis are explored in this chapter, the probing techniques,
and structures of the devices is discussed in detail. Deposition techniques used for
fabrication of the devices are discussed in brief, also the details for reading the I-V
characteristics are explained in section 3.4 with pointing out the forming and the SET-

RESET process.
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CHAPTER 4

RESULTS OF TREATED DEVICES TO ENHANCE OXYGEN VACANCIES

I-V characteristics of the devices are studied in this chapter, SET-RESET I-V graphs of
the devices that are to be compared in next chapter are explained in detail. As discussed
before oxygen vacancies are responsible for the CF formation, and metal/oxide interface
properties of the top metal plays major role in power reduction, stability and the

endurance of the RRAM devices.

4.1 TiN Devices

TiN is extensively used in CMOS technology as a gate metal. Therefore, it is more
suitable for RRAM devices. Figure 4.1 shows logarithmic I-V characteristics of TiN
devices with different CC. The cross-section of the device is shown in figure 3.1(a).
Forming process was carried out by gradually increasing the CC from 3nA to 500nA and

800nA, at which forming happened for the three devices shown in the figure 4.1.
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Figure 4.1 I-V characteristics of the devices with TiN as top electrode is shown. (a) set-
reset sweeps of 1% and 10™ cycle are shown for CC of 50nA(b) 1% and 50™ cycle set-reset
sweeps are shown for CC of 80nA (c) 1% and 50" cycle set-reset sweeps are shown for
CC of 100nA.

After the forming process, the SET voltage was reduced with well enough
separated LRS and HRS. It is known that once the filament is ruptured after the RESET
process a gap between the partially existing CF and top metal contributes to HRS. figure
4.1(a) shows I-V characteristic at 50nA CC. It can be seen that the initial forming voltage
is higher than the SET voltage of the subsequent cycles at this CC. However, the device
was able to switch for 10 cycles before a permanent non-reversible CF was formed.
figure 4.1(b) shows device with higher CC at 80nA was set and 50+ cycles of SET and
RESET process were carried out. Due to smaller RESET CC more clustering of oxygen
vacancies formed near the top electrode and the gap between the top electrode and
ruptured filament reduced to a point where only few oxygen ions were able to recombine

with oxygen vacancies in HRS state. Therefore, the difference between the LRS and HRS
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was indistinguishable. Higher CC of 100nA was subsequently used for the device shown
in figure 4.1(c), where a more distinguishable LRS and HRS was observed even after
more than 50 cycles of SET and RESET process. The forming voltage has increased

slightly as the compliance was increased.
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Figure 4.2 I-V characteristics of the devices with Ru as top electrode is shown. (a) Three
(1%, 25™ and 50"™) set-reset sweeps are shown with CC of 1nA, (b) Three (1, 25™ and
50™) set-reset sweeps are shown with CC of 3nA (c) Three (1%, 25" and 50™) set-reset
sweeps are shown with CC of 10nA (d) Linear scale of all 50 cycles of 1nA CC is shown
in this plot.
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I-V characteristics of devices with Ru as top electrode is shown in the figure 4.2. The
cross-section of this device is shown in Fig. 3.1(b). The switching CC current was
reduced significantly for this device. The device has, therefore, demonstrated a very low
power consuming characteristic mainly due to plasma treatment on HfO, layer and
interfacing oxide formation of Ru with oxygen ions and oxygen scavenging TiN layer as
discussed in chapter 2. The forming voltage was found to be 1V at 10nA CC. However,
some devices showed lower forming voltage at 1nA CC. Figure 4.2(a) shows three cycles
of SET and RESET from more than 50 cycles with 1nA CC, which was the lowest CC
achieved for switching for all the devices investigated in this thesis. Figure 4.2(d) shows
the linear representation of 50 cycles of the switching process, tighter formation of SET
and RESET cycles is observed which is an important property of memory storage
devices. Cycles with higher CC was carried out for comparison purposes, Fig. 4.2(b) and
figure 4.2(c) shows I-V graphs with 3nA CC and 10nA respectively. More than 50 cycles
were carried out for each of the CC. A trend of an increase in SET voltage and RESET
voltage was observed. Since some of the devices seize to perform after several cycles
different CC was studied but only graphs of three CCs are shown here. Also, more than
200 cycles were performed on a single device that demonstrate higher endurance rate.
Additionally, switching at multiple compliance currents in a single device represents

multi-level resistance (or conductance) states.

4.3 TaN Devices

Devices with TaN as a top electrode metal, TaN Devices (Fig. 3.1(c)) , were studied to

investigate the switching power requirements. As discussed earlier in chapter 2 TaN
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devices are less reactive towards oxygen than Ti and TiN which leads to increase in CC

and forming voltage.
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Figure 4.3 I-V characteristics of the devices with TaN as top electrode is shown. (a)
Three (1%, 20" and 30"™) set-reset sweeps are shown with CC of 1.3uA (b) Three (1%, 2™
and 5™) set-reset sweeps are shown with CC of 1.5uA. (c)Three (1%, 3" and 6"™) set-reset
sweeps are shown with CC of 2uA.

As shown in the figure 4.3, higher CC of 1 pA was required for device to form CF and
able to toggle between LRS and HRS states. Figure 4.3(a) shows three cycles with a CC
of 1.3uA where the devices was less stable and the LRS and HRS states were
indistinguishable. However, the device worked up to 50 switching cycles that were
performed on the device. Higher CC with 1.5uA and 2uA are shown in figure 4.3(b) and

figure 4.3(c) respectively. Devices formed a permanent non-reversible CF after switching
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for few cycles, which shows less stability and endurance rate than previous studied

devices.

4.4 Summary

In this chapter I-V characteristics of RRAM devices with TiN, Ru and TaN as top
electrode were described with details on the forming voltage, set voltage and the CC.
Device with Ru and TiN has shown good characteristics with power reduction due to it
reactivity and scavenging capabilities towards oxygen ions at the metal/dielectric
interface. Ru as a top metal showed the lowest switching power. However, devices with

TaN showed higher switching power requirement than other twvo RRAM devices.

38



CHAPTER 5

COMPARISION OF DIFFERENT METALS

Comparison of switching characteristics of the devices were mentioned in chapter 4. This
chapter the resistance distribution of these devices as a function of compliance current is
evaluated and compared. As seen previously, different top metal electrode tends to show
different characteristics with oxygen defects rich HfO, dielectric layer. Comparison of

the results helps to decide the device configuration needed for multi-level resistance state.

5.1 Comparison Between Ru and TaN, TiN Devices

Assuming the initial oxygen vacancy distribution in the plasma treated HfO, layer is
identical, the switching characteristics described in chapter 4 demonstrate a significant
variation. The top electrode material is, therefore, responsible for the observed variation.
Ru has one electron in its outer most orbit while Ta and Ti has two electrons. As studied
in chapter 2, Schottky barrier height can be changed by top electrode if the oxygen is
weakly bonded in the dielectric layer [53]. While the oxygen scavenging properties of
TaN and TiN are similar TiN has higher reactivity towards the free oxygen ion.
According to other studies, the barrier height of TaN/HfO, is 4.6eV [54], barrier height of
TiN/HfO, is 3.7ev [49]. The difference in the work function and Schottky barrier height

can be accountable for the variation in characteristics.

When Ru is placed in contact with HfO, (Ru/HfO, interface) it has higher work
function compare to metallic Ru. The oxidation process at the interface increases the

work function. The studies have suggested a work function of Ru at Ru/HfO, interface is
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4.5eV [37]. Furthermore, the plasma treatment of the HfO, layer does incorporates
chemical species at the metal/dielectric interface and causes changes in the electrostatic

potential and affects the work function of the top metal electrode.

The change in work function, interface barrier and application of different compliance
current have different effects on the CF formation. Multi-level storage capabilities can be
seen in the IV characteristics (Fig. 4.2) with CC of 3nA and 10nA respectively whereas
for CC InA a tighter trend is observed, also this difference in trends can suggest
possibility of a single CF with larger diameter or multiple CF formation with different

diameters [53][31].

5.2 Switching Characteristics

As discussed before chapter 1 and 2, the switching mechanism of the RRAM, involves
the forming process and the SET-RESET process. However, the switching characteristics
of the devices involves different chemical reactions at the interface layers, which affects
the physical properties of the formed oxide layer such as activation energy and diffusion
barrier. The free ions formed at the interface, reacts with TiN, TaN and Ru to form an
oxide layer with different concentration. Also, during the fabrication process of
deposition, more oxygen vacancies are formed by oxygen migration into the metal

electrodes [55].
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5.3 Resistance Distribution

5.3.1 Resistance Distribution in Ru Devices

Figure 5.1(a) shows the cumulative distribution frequency vs resistance plots of the Ru
top electrode devices, the x-axis is the resistance values of SET switching cycle and the
y-axis is the frequency of distribution. Ry, represents the resistance at HRS, while Rjoy
represents the resistance at LRS. Figure 5.1(b) shows the resistance variation across the
50 cycles for both 1 nA and 3 nA compliance current. The resistance distribution was
plotted to see the spread in the resistance over the 50 consecutive switching cycles, to
deduce if the device can be used for in-memory computing such as neuromorphic

computing (as a synapse) and multilevel storage cell (MLC).
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Figure 5.1 Cumulative Resistance distribution of the devices with Ru as top electrode is
shown. (a) Cumulative distribution of resistance of 50 cycles at 0.6V with 3nA CC and at
0.54V with InA CC, (b) Resistance variation across the 50 cycles for both the
compliance currents.

The resistance distribution of 50 SET-RESET cycles is shown for Ru Devices at
InA and 3nA CC at 0.54V and 0.6V respectively. Similar trend was observed for SnA

CC. The resistance distribution for HRS is from 1.1GQ to 1.2GQ for 1 nA CC whereas
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the resistance spread for 3 nA CC in HRS is from 400 to 1GQ. The LRS distribution is
with the range of 700 MQ for 1 nA CC whereas the resistance spread for 3 nA CC is
around 200 MQ. The resistance variation for both the cases remains uniform except the
Rpign for 3 nA CC. As shown in Fig. 5.2 because of CF characteristics thickness this
variation is expected. At lower compliance current the filament is thinner or only a few
established conducting channels across the electrodes. This leads to higher Ry, as
compared to Ry, for higher CC. The reverse is true for Ry, as the ruptured CF is
significant in case of low CC as compared to high CC. This characteristic demonstrates
that by adjusting the resistance according to the requirement can implement MLC

capability.

CF at Lower CC (LRS})  CF at Lower CC (HRS} CF at Higher CC (LRS) Ruptured CF (HRS)

Figure 5.2 Conducting Filament formation as a function of compliance current. (a) at
lower compliance current (LRS), (b) Ruptured CF at lower compliance current (HRS), (¢)
at a higher compliance current (LRS) and (c) ruptured CF at higher compliance current
(HRS).

5.3.2 Resistance Distribution in TiN Devices

When TiN is a top electrode metal the behavior is quite different because of its reactivity

with oxygen ions and scavenging oxygen from the switching dielectric.
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Figure 5.3 Cumulative Resistance distribution of the devices with TiN as top electrode
is shown. Resistance distribution of 50 cycles at 0.25V with 100nA CC. .

RESET cycles at 80 nA and 100 nA of CC and 0.25V. The resistance spread of HRS is
from 20MQ to 100M€Q, which shows limited MLC capabilities as discussed earlier. The
resistance variation across the cycles in Figure 5.3(b) shows a decrease in resistance
value as cycle number is increased except for Rjow at 80 nA CC. As mentioned earlier the
TiN RRAM devices showed the resistance values are much smaller than Ru devices. It is
because after the metal deposition excess oxygen ions were scavenged to the TiN/HfO,
interface. The oxygen reaction led to the excess defects in HfO, layer in addition to the
defects induced due to oxygen plasma treatment. This brings down the SET voltage and

thereby reduces the resistance values from LRS and HRS.

5.3.3 Resistance Distribution in TaN Devices
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Figure 5.4 Cumulative Resistance distribution of the devices with TaN as top
electrode is shown. Resistance distribution of 50 cycles at 1.25V with 1.3uA CC.

Figure 5.4 shows the cumulative resistance distribution of TaN device for 50 SET-
RESET cycles at 1.3uACC at 1.5V. The resistance distribution of TaN has a spread for
both HRS and LRS, this shows that set voltage is not very controlled. As mentioned
earlier the SET voltage increases as the cycles proceed. TaN has similar oxygen
scavenging properties as TiN, but different work function and Schottky barrier, that can

be a possible explanation for less endurance and less controllability of CF.

5.4 Summary

Comparison of the three top metal electrodes was performed in this chapter by comparing
the resistance plots and comparing the results from Ch. 4. To summarize, Ru devices
showed distinct resistance distribution by alteration of CCs from InA to higher CCs. All

three devices showed MLC capabilities and compatible with learning devices, such as an

44



electronic synapse. Conclusion can be made that engineering the top electrode and

oxygen plasma treatment on the dielectric layer can reduce the switching power.

45



CHAPTER 6

CONCLUSION AND FUTURE WORKS

The formation of CF in HfO, lattice, with effects of top electrode selection in RRAM is
studied in this thesis. Detailed working of transition metal oxide RRAM devices with
oxygen migration mechanism is been investigated. Oxygen defects introduced in HfO, by
plasma exposure plays a major role in formation of CF, we also studied the nature of the
oxygen vacancies that form the CF and accounts for reaction with top metal electrode.
The knocked-out oxygen ions react to bring down the forming and the set voltage and the

oxygen vacancies formed can acts as charge trapping centers.

The advantages of HfOy over HfO,, described in Ch. 2, the defect formation
energy of stoichiometric hafnium oxide is higher than non-stoichiometric hatnium oxide
which accounts for higher diffusion barrier therefore a reactive top metal is introduced to
lower the diffusion barrier and formation of oxygen vacancies that are needed for CF
formation. Top metal electrodes are studied in detail, their physical and chemical
properties are considered for the interfacial reaction between metal and oxide layer. Also,
plasma treatment on the HfO, is studied in this work for the extra injection of defects that
favored in reducing switching power for CF formation and rupturing of the CF. Effect of
Schottky barrier height is also studied in brief for explaining the switching mechanism

involving different top metal electrodes.

The details of the experimental procedures and device fabrication was outlined in
chapter 3. Explanation of the importance of compliance current to limit the breakdown
and formation of CF is shown with graphical explanation for better understanding. Set

and reset process are also shown in the graph to better understand the results discussed in
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chapter 4. After understanding of the background, the results of the study conducted in
this thesis are presented in the chapter 4. Graphs with different CC on the devices with
different top metal electrode is demonstrated. The obtained results are discussed in the
following chapter, with comparison of different top metal electrodes and the switching
mechanisms. Finally, the resistance distribution of the obtained I-V characteristics of

different devices are discussed.

In summary, the thesis studies the role of top metal electrode and dielectric layer
in power reduction, which is a deciding factor in today’s semiconductor industry.
However, more research is needed towards this direction to produce RRAM devices
which can be brough to production market. More research on the physical and chemical
properties of the layers needs to be conducted, with development of a perfect switching

model for RRAM that preciously explains all the responsible parameters and constrains.

6.1 Future Work

Use of Ru, TiN and TaN as the bottom metal needs to be investigated to further
understand the effectiveness of these electrode metals to enhance the performance and

power requirements of RRAM devices.
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