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Summary

This thesis introduces fabrication and physical as well as electrical characterizations of
oxide-based resistive random access memory (RRAM) which has been recently explored
as one of the most promising nonvolatile memory technology. The objective of this thesis
focus on the device fabrication and investigation of underlying physics of resistive
switching mechanism and current conduction mechanism indifferent resistance states in
oxide-based RRAM, in order to improve device performance for the implementation and

integration of memory cell in CMOS circuits.

High performance resistive switching device has been demonstrated based on
TiN/HfO./Pt structure, and its switching and retention behaviors under voltage and
temperature bias have been studied. The resistive switching behavior can be explained by
the formation and rupture of oxygen vacancies related conduction filament. It is found
that at high temperature, transition voltage of set/reset process decreases probably due to
an effectively lowered potential barrier for oxygen vacancy formation and recovery plus
higher oxygen mobility; high resistance state (HRS) leakage increases that leads to a
smaller on/off window, which may be due to the higher density of oxygen vacancies
giving rise to the trap-assisted tunneling current. In terms of retention stability,
temperature plays a more important role than voltage bias; room temperature retention
time can be extrapolated from accelerated temperature measurement. Multi-level resistive
switching can be achieved by proper control of compliance current or reset stop voltage,
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however, it may not sustain at high temperature due to an increased leakage current at

HRS.

To have better understanding of resistive switching phenomena, current conduction
mechanism has been investigated via both DC and low frequency noise analysis. It is
confirmed that for low resistance state (LRS), current conduction is localized without any
area dependence; whereas for HRS, it is nearly uniform leakage current that scales
reciprocally with device area. A model consisting of two parallel resistances from
conduction filament and uniform leakage current has been proposed to represent the
current conduction in filament type switching memory cell. It is found that in low
resistance regime, filament resistance dominates current conduction as well as noise
behavior which varies nearly to the square of the resistance variable; while in high
resistance regime, uniform oxide leakage dominates, which results in a roughly constant
noise level that related to device areas. Based on this, a noise model is proposed for this
type of switching cell, and the simulation curve fits experiment data well. Further, a
filament conduction noise model has been suggested for LRS, allowing estimation of

filament carrier concentration that is found in the metallic range.

Based on the understanding of switching mechanism and current conduction, device with
multilayer oxides is used to tackle the uniformity issue faced in RRAM device operation.
Compared with single layer control device, resistance switching parameters uniformity
has been significantly improved in HfO,/TiO/HfO,/TiOx multilayer structure for both

cycle-to-cycle in one device and device-to-device. Compact set/reset voltage distribution,
VIl



reduced reset current as well as tight HRS resistance distribution has been observed in
multilayer device. More than that, forming process is not necessary in such device owing
to the lowered fresh resistance caused by Ti induced defects in oxides. Physical analysis
using transmission electron microscope (TEM) - electron energy loss spectroscopy
(EELS) is carried out to probe the chemical origin of multilayer forming free device. It is
suggested that doping effect of Ti diffused in HfO, and confinement of filament between

multilayer oxides leads to the improvement in stability and uniformity.

In a summary, high performance oxide-based RRAM device has been demonstrated on
standard CMOS fabrication platform. Resistive switching and current conduction
mechanism has been investigated via various physical and electrical characterization.
Excellent uniformity and forming free has been achieved by switching material

optimization.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background

Semiconductor industry has experienced an inconceivable growth in the past four
decades. Microelectronic products has followed Gordon Moore’s prediction in 1965 [1]
that the number of devices which can be integrated on a chip of fixed area will double
every 12 months (later amended to doubling every 18 to 24 months), better known as
Moore’s Law. This simple prediction unleashed a powerful economic cycle of investment
followed by enhanced products that brought about new and varied applications
motivating yet more investment. Thus, Moore’s Law has become the driving force behind
dramatic reduction in unit cost over the past few decades for memory, enabling products
of ever higher density and ultimately putting enormous amount of memory in the hands

of the consumer at much reduced cost.

Aggressive scaling of the semiconductor memory cells and the dramatic increase in the
memory array size demand a high density, low cost, and low power consumption cell
structure. DRAM dominates the volatile random access memory markets, and it is
difficult to continually scale a DRAM cell with a large capacitor. Due to their short
retention time of only up to a few seconds [2], it requires frequent refreshing and thus
results in large power consumption even in idle state. On the other hand, Flash memory
does not require refreshing, consumes less power and may achieve high array density
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Chapter 1 Introduction

with stacked floating gate structure, thus explaining its success in becoming the
ubiquitous nonvolatile memory in the market. Until now, Flash technology had served
well for economic nonvolatile memory developments because of the scalable underlying
physics, materials and fabrications [3]. However, conventional memory scaling is
expected to come up against technical and physical limits in the very near future. Further
scaling of both NOR and NAND Flash is projected to slow down due to a few major
challenges as described in the following [4]. First of all, it is theoretically impossible to
fabricate defect free tunnel oxide. And there is no way to further thin down tunnel oxide
without impairing data retention for the current technology [5]. Secondly, beyond 40nm
node, an effective gate coupling ratio (GCR) cannot be achieved without new innovation
[6]. There are also specific issues like short channel effect when tunnel oxide stops
scaling for NOR or crosstalk between adjacent cells for NAND, as well as few electron
storage with scaling down of memory cell. As a result, it is necessary to identify
emerging memory technologies to obtain electrical accessibility, high speed, high density,

low power, as well as CMOS compatibility.

A number of alternatives to contemporary Flash memory have been extensively studied
to obtain a more powerful and functional nonvolatile memory. Memory concepts that
have been pursued recently range from spin-based memories (magnetoresistive random
access memories, or MRAM in short, and related ideas), in which a magnetic field is
involved in the resistive switching, to phase-change RAM (PCRAM), in which thermal
processes control a phase transition in the switching material from the amorphous to the

crystalline state. Yet another class of resistive switching phenomenon is based on the
2
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electrically induced change of the resistance of a metal-insulator-metal (MIM) memory
cell, usually referred to as resistive random access memory (RRAM or ReRAM in short).
Papers at the IEDM Conference in 2007 suggested for the first time that RRAM exhibits
lower programming current than PCRAM or MRAM without sacrificing programming
speed, retention or endurance [7]. Furthermore, in IEDM 2008, high performance RRAM
device were presented by H. Y. Lee, et al., [8] with low operation power (<3V, <0.1mA),
more than 10° cycles of read/write and retention of 10 years at 85<C. With time goes,

development of RRAM has drawn great attention in the electron device research.

1.2 Objectives

Resistive random access memory has emerged as one of the most promising candidates
for future nonvolatile memories or universal memories [9]. Since 1960s [10], large
number of materials have been explored for use as RRAM [9, 11-15]. Although most of
these materials can be switched between two or more distinct resistance states by
applying suitable voltage or current stress, the switching mechanism however, is believed
to vary from material to material and is not fully understood. This research work aims to
study the underlying physics of oxide-based RRAM switching behavior as well as current
conduction mechanism in different resistance states and to optimize device performance

for the implementation and integration of RRAM in CMOS circuits.

The objectives are detailed as follows:
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(1) To fabricate and investigate oxide-based RRAM devices with both physical and
electrical analysis. And to correlate results from both analyses.

(2) To clarify the oxide-based RRAM switching behaviours and its physical mechanisms,
with the aim to understand: the formation process and the characteristics of oxygen
vacancies and its impact to carrier transportation; as well as the impact of
interface/surface of the oxide/electrode materials on the RRAM switching behaviours.

(3) To explore and verify qualitative or quantitative physical models for the resistive
switching behaviours. These models would then be able to help serve as a guiding
principle to design high-performance RRAM devices.

(4) To investigate current conduction in different states in order to better understand the
switching behavior.

(5) To design and realize high performance RRAM devices (with low operating voltage,
fast programming / erasing speed, high endurance, stable retention and good

uniformity).

1.3 Scope of Research and Approaches

The scope of research in this work includes:

(1) Preparation of HfO4 based RRAM cell with various fabrication conditions and
physical parameters for electrical and physical characterization.

(2) Physical characterization of HfO based RRAM cells, including morphology study

(SEM, cross-sectional high resolution TEM), elemental composition analyses (X-ray
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photoelectron spectroscopy, Energy-dispersive X-ray spectroscopy, electron energy
loss spectroscopy), etc.

(3) Electrical investigation of memory behaviors including forming process, switching
characteristics, transition voltages (set / reset voltage), and retention behaviors.

(4) Study of temperature influence on switching characteristics so as to get a better
understanding of switching mechanism.

(5) Investigation of bias-temperature instability on device retention behaviors.

(6) Current conduction investigation of different resistance states with low frequency
noise analysis.

(7) Device performance improvement with material-oriented optimization.

1.4 Major Contributions of the Thesis

This work mainly focuses on fabrication and characterization of the resistive switching
behaviors of HfO, based RRAM memory cells. High performance devices based on TiN /
HfO,/ Pt structure has been demonstrated and its resistive switching and retention under
voltage and temperature bias have been investigated. The switching phenomena can be
explained as formation and rupture of oxygen vacancies related conduction filaments [16].
It is observed that with increasing temperature, 1) high resistance state (HRS) leakage
increases, which may be due to higher density of oxygen vacancy related defects giving
rise to the trap-assisted tunneling current; 2) set/reset voltage decreases, which may be

due to an effectively lowered potential barrier for oxygen vacancy formation and



Chapter 1 Introduction

recovery and high oxygen ion mobility; 3) multi-bit switching at room temperature may

not be retained at high temperature due to high leakage of HRS at high temperatures.

To further investigate on the current conduction mechanism, low frequency noise (LFN)
analysis has been implemented on devices with different dimensions. Together with
direct current (DC) voltage characteristics, it is confirmed that, for the LRS, current
conduction is localized without an area dependence, whereas, for the HRS, it is a uniform
leakage current throughout the whole device area. A LFN model is proposed for the
filamentary low resistance state based on the carrier number fluctuation approach,
allowing electrical analysis of filament characteristics and the surrounding trap
concentration. In addition, current conduction of different resistance states has been
studied with LFN analysis. A model consisting of two parallel resistances from
conductive filament and uniform leakage oxide is proposed to represent the conduction in
filamentary switching RRAM cell. It is found that in the low resistance regime, filament
resistance dominates current conduction and noise behavior which varies nearly to the
square of resistance variable; while in the high resistance regime, uniform oxide leakage

is the major source of conduction, it gives a nearly constant noise level.

With the information of filament type switching in HfOx based RRAM cell, device
performance has been improved with multilayer structure of switching dielectrics.
Significantly improved uniformity of the device parameters (for cycle-to-cycle within the
same device, and device-to-device) such as set voltage, reset voltage / current, and on &

off state resistance distribution are successfully demonstrated on HfO,/TiOx multilayer
6
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based resistive switching devices, as compared with HfOx based single layer devices. In
addition, such multilayer devices are free from forming process, which is greatly
beneficial from the viewpoint of RRAM circuit operation. To probe the chemical origin
of the forming free behavior in such device, detailed physical analysis is applied. It is
believed that both the Ti doping effect and the confinement of conduction filament within

different dielectrics layers contribute to the improvement.

1.5 Organization of the Thesis

This thesis consists of seven chapters: Chapter 1 introduces the background of RRAM

developments, objectives of this research work, scopes and contributions of the report.

Chapter 2 presents the literature survey on resistive switching phenomenon and
classification of switching mechanisms. A few commonly accepted mechanisms are

discussed in details.

Device fabrication process flow and description of tools used for physical and electrical

characterization tools and techniques are presented in Chapter 3.

Chapter 4 focuses on the investigation of resistive switching mechanism. This chapter

describes the voltage bias and temperature instability of resistive switching and data
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retention. A qualitative model of resistive switching in HfO, based RRAM device will

also be presented.

Current conduction is studied in detail with low frequency noise analysis in Chapter 5. A
conduction model consisting of two parallel resistances from the filament and uniform
leakage oxide is proposed to represent the conduction in filamentary switching RRAM,

as well as a LFN model is depicted for LRS quantitatively.

Chapter 6 demonstrates forming free RRAM devices with excellent uniformity by
implementing multilayer dielectric structure. Tight operation parameter distribution has
been achieved in HfOy / TiOx multilayer structure and the resistive switching uniformity
has been significantly improved. Physical analysis is applied to probe the origin of

forming free behavior in such device.

Summary and conclusions of resistive switching in oxide based RRAM devices as well as

suggestions and recommendations for future studies are detailed in Chapter 7.
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2.1 Introduction

This chapter provides an overview of development of RRAM as nonvolatile memory,
which had been reported in the literature. A few emerging memory technologies are
introduced briefly. Classification of switching behavior is described, and a few dominant

switching mechanisms are discussed.

2.2 Nonvolatile  Memory and Emerging  Memory

Technologies

There are two major types of memories in today’s semiconductor markets, namely
volatile and nonvolatile. The former loses any data as soon as the power supply is turned
off, therefore, it requiring constant power to be applied for the device to remain
operational. The most common volatile memory is random access memory (RAM). In
comparison, the later memory retains its data even when the power to the system or
device is turned off. Data retention is typically measured in terms of years while
stimulating operation at high temperatures. The most important nonvolatile memory is

Flash memory, based on the concept of floating gate. Flash memory was first proposed

9
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by Kahng and Sze in 1967 [17]. A typical Flash nonvolatile memory device is similar to a
MOS transistor that has a source, a drain, an access (a control gate), and a floating gate.
Compared with standard MOSFET the difference lies in the floating gate, which is

electrically isolated, or "floating" as shown in Figure 2.1.

Eu_ume Bit Li
Line Word Line
Control Gate
Float Gate

Figure 2.1 Schematic of a floating gate Flash memory cell [18]

In the last decade, the expansion of portable electronic system market has been sustained
by the availability of nonvolatile memory, the key technology being Flash. However,
further scaling of both NOR and NAND Flash is projected to slow down due to a few
scientific and technological challenges. First one is the tunnel oxide, which cannot be
further thinned down without impairing data retention. Moreover, as the device scales
down, the number of electrons that can be stored on the floating gate and present in the
device channel decreases to a very low level. Negative effects such as random telegraph

noise arising from trapping processes are expected to cause reading errors and threshold

10
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voltage instability as few electrons are involved in the scaled devices [19]. On the other
hand, the requirements on data retention become even more challenging. Going beyond
40nm node, the maximum acceptable leakage over a ten years period should be less than
10 electrons per cell [20]. All these difficulties, arising from fundamental limitation of
the charge storage concept, are calling for emerging non-volatile memory technologies at

the nanoscale.

Various alternative memory concepts have been explored in the last few decades.
Memories based on switchable resistors are considered promising. One of them is the
phase change memory (PCM). first proposed by J.F. Dewald and S.R. Ovshinsky who, in
the 1960’s, reported the observation of a reversible memory switching in chalcogenide
materials [21]. Chalcogenides are semiconductor glasses that are made from elements
belonging to group VI of the periodic table, many of them had shown desired material

properties for possible usage in PCM application [22-25].

Figure 2.2 shows the schematic of vertical OUM (Ovonic Unified Memory) PCM
memory element in the so-called Lance-like structure. It has a sandwiched configuration
with several functional layers. The active phase-change material (Ge,Sb,Tes — GST) is
placed between a top metal electrode and a resistive bottom electrode (also called heater).

During programming, current flows vertically through the PCM cell from the bottom

11
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electrode to the top electrode. The narrow heater to GST contact concentrates current
flowing through and results in local heating of active GST in a semispherical volume
where phase change between amorphous and crystalline phase occurs. The two phases of
chalcogenide are quite different in resistances, which represents ‘0’ and ‘1’ for data
storage respectively. Physical scaling limitation does not seem to pose any problems for
phase change mechanism at least down to 5nm [26]. However, PCM cell requires very
large current density to initiate phase change; the high power consumption is one of its
major drawbacks [27], especially in today’s ultra large scale integration (ULSI) circuit,

where power density is one of the major concerns.

Top Electrode

A7 .
— A
Active-GST ; N
| N\ Thermal
Heater"'* E Insulator

Bottom Electrode

Figure 2.2 Schematic of the OUM vertical phase-change memory element: Amorphization of this

region stops the low-resistive current path and results in an overall large resistance. [28]

Another nonvolatile memory technology developed since 1990s is MRAM, short form of

magnetoresistive random access memory. Unlike other RAM chip technologies which
12
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stores data as electric charge or current flows, MRAM keeps information by magnetic
storage elements. The elements are formed from two magnetic plates and separated by a
thin insulating layer as shown below in Figure 2.3. One of the two plates is a permanent
magnet set to a particular polarity; the other’s field can be changed according to external

field.

Bit Line

Tunnel Barrier Magnet!c Free Layer
Magnetic Pinned Layer
Antiferromagnetic

Write Word Line

.~ Read Word Line

Figure 2.3 Simplified structure of an conventional MRAM cell [29]

Data is written to the cells using a variety of means that are related to current induced
magnetic field. Reading is accomplished by measuring the electrical resistance of the cell.
Due to magnetic tunnel effect, the electrical resistance changes with the orientation of the
field in the two plates. By measuring the resulting current, the resistance of any particular
cell can be determined. Typically, if the two plates have the same polarity this is

considered as ‘1’; if the two plates are of opposite polarity the resistance is higher and

13
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recognized as ‘0’. In the early stage of MRAM development, it requires an external
magnetic field to toggle the resistance state, giving rise to very high current and thus
resulting in scaling issues [30]. However, recent research revealed the spin transfer torque
RAM (STT RAM) as an attractive solution to overcome the high power consumption
issue in older MRAM cells. On top of that, STT RAM has a good scalability down to 6F?

cell size [31-32].

Besides these memory technologies, another promising candidate is the resistive random
access memory (RRAM). It has drawn great attention and been developed by many
companies and institutes [33-36] due to its potential of becoming next generation NVM

or universal memory.

2.3 Resistive Random Access Memory Device

In 1962, the hysteresis of current-voltage (I-V) characteristics was reported by Hickmott
in metal-insulator-metal (MIM) structure of Al/Al,Os/Al for the first time [10]. It was
discovered that the resistance changes as a result of applied electric field. Subsequently,
resistive switching had been reported in other binary metal oxides [37-38]. This first

period of high research activity lasted up to the mid-1980s [15]. The current wave of

14
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resistive switching for memory exploration started in the late 1990s, triggered by

Asamitsu et al. [39], Kozicki et al. [40] and Beck et al. [11].

BN BN

Top electrode

Switching layer

Bottom electrode

L

Figure 2.4 A typical metal-insulator-metal capacitor structure of RRAM device cell

RRAM memory cell has a simple MIM structure, as illustrated in Figure 2.4. Electrode
materials may be same or different for top and bottom, and switching layer varies from a
large range of materials [30]. Transition event from high resistance state (HRS) to low
resistance state (LRS) is referred to as “set” process. The reverse transition from LRS to
HRS is referred to as “reset” process. In many cases, the fresh samples have very large
resistance that requires a much higher voltage stress to trigger resistive switching for

subsequent cycle, this process is called “forming” process.

15
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Figure 2.5 Conceptual diagram for ideal 3D NVM stacking structure utilizing stackable peripheral

circuits [41]

Because of its simple sandwiched structure, it is possible to construct highly scalable
cross-point and multilayer stackable structure with proper selection device [42]. Figure
2.5 is the conceptual diagram for ideal 3D stacking structure proposed by Samsung in
IEDM 2008. Other than potential ultra high integration density, RRAM has advantages of
nonvolatility, high speed, low power consumption, high scalability, as well as CMOS

compatibility and will be discussed in detail in this work.

16
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2.4 Classification of device operation

A commonly used classification of resistive switching is based on operation polarities, by
which resistive switching can be classified into two types: unipolar or bipolar. The typical

I-V curves of the two types of resistive switching are shown below.

a) /f“\ RESET b)
fanmeme gyl | T N[seT
a5 ‘ \/SET &l
5 OF F-state ; | 3 OFF-state
3 ‘ OF F-state 5 \
o O \
SET! :
A ON-state \
RESET
RESET\U, A\
Voltage Voltage

Figure 2.6 The two basic operation schemes of resistance switching memory cells. (a) unipolar
switching and (b) bipolar switching. cc denotes compliance current. Dashed lines indicate that the
real voltage level at the system will differ from the control voltage because of the cc in action. Please

note that the 1-V of real systems may deviate considerably for both operation schemes. [43]

In unipolar switching, the switching direction depends on the amplitude of the applied
voltage but not the polarity [44]. An as-prepared memory cell is usually in a very high
resistance state and is put into LRS by forming to trigger switching behavior. The cell in
LRS can then be switched to HRS by applying a threshold voltage (reset voltage).
Subsequently, switching from HRS to LRS can also be achieved by applying a voltage

(set voltage). To avoid hard breakdown of the device, it is recommended to provide
17
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current compliance via a semiconductor parameter analyzer or more practically by the
selection transistor/diode or simply a series resistor in the circuit. The set voltage is
always higher than the reset voltage, and the reset current is always higher than the

compliance current during set process.

Bipolar resistive switching shows directional switching dependence on the polarity of the
applied voltage. The set operation occurs on one polarity of the voltage or current with or
without current compliance, the reset process requires the opposite polarity. Usually a
forming process is required to initiate the bipolar switching behavior, but it may not be
necessary for some cases. The MIM structure needs to have some asymmetry, such as
different electrode materials or a dedicated voltage polarity during the initial

electroforming step, in order to show bipolar switching behavior.

There are also systems that have been reported such that the operation conditions can be
changed between unipolar and bipolar, and they have been named nonpolar [45]. To a

certain extent, nonpolar is also a special case of unipolar switching.
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2.5 Resistive Switching Mechanisms

Up to now, a wide variety of physical phenomena are known, which can in principle lead
to nonvolatile resistive switching memory effects (Figure 2.7). Although the physical
driving force of all these resistive switching is electrically induced, they are quite
different from one another.
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Figure 2.7 Classification of the resistive switching effects which are considered for nonvolatile

memory applications. [43]

Figure 2.7 summaries nearly all resistive switching effects which are considered for

nonvolatile memory application. Among these effects, mechanical forces can be utilized
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in nanomechanical memory. Molecular structure changing induced resistance change
may become memory device facilitating a single molecule [46]. Electrostatic and
electronic effects are discussed as the possible origin of resistive switching in the
literature. Alternation of ferroelectric polarization direction may be utilized to change
tunnel current [47]. Phase change memory that has been developed recently relies on the
temperature induced change between amorphous and crystalline phase. Redox-related
chemical effects are also of great interest in resistive switching explanation. For
commonly defined RRAM, it usually refers to the categories of thermochemical memory
effects, electrochemical metallization effects, and valency change memory effects.
Several well accepted switching mechanisms for these types of RRAM are to be

discussed in details in the following part.

2.5.1Thermal Effect

One of the well-known switching mechanisms is based on thermal effect, or
thermochemical memory (TCM) effect. A typical resistive switching explained by
thermal effect shows a unipolar operation. The most remarkable candidate material
among many is NiO, first reported about in the 1960s [38] and now has been developed
by many research groups [11, 48-50]. Figure 2.8 shows a typical semi log current-voltage

characteristic of NiO thin film RRAM with Pt electrodes.
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Figure 2.8 Unipolar 1-V curves of a Pt/NiO/Pt stack with a NiO film thickness of 50nm [51]. Initial
forming and a few cycles of set and reset processes are indicated, where current compliance is

applied to forming and set processes.

As schematically depicted in Figure 2.9, resistive switching is initiated by a voltage-
induced partial dielectric breakdown, after which device resistance is modified by Joule
heating through a discharged filament. Within the first sweep, the cell exhibits a sudden
current increase at a forming voltage (current increase is limited by a preset compliance).
Subsequently, the system can be switched between two resistance states, HRS and LRS.
During set process, because of the compliance current, only a weak conduction filament
with controlled resistance is formed. In the reset process, this conduction filament is
ruptured thermally because of high power density generated locally, similar to a
traditional household fuse but on the nanoscale. Hence, this switching mechanism is also

referred to as fuse / antifuse type.
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Initial Formin

Figure 2.9 Schematics of the initial state as well as forming, reset and set process. After forming,
conductive paths are formed between electrodes, and it is believed to be ruptured near metal / oxide

interface

Electrical breakdown can be realized on all materials with proper electric field above a
certain magnitude, and this breakdown is typically induced by a thermal runaway [52].
When an electric field (E) is applied on the insulating material, the residual conductivity
(o) leads to generation of Joule heating locally. This energy is released in the form of

temperature increase and heat conduction according to,

0E? = C, 5 — V- (kVT) (2.1)
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where Cy, is the specific heat per unit volume and x is the thermal conductivity. The
runaway process is caused by the conductivity change that has an exponential
dependence on the temperature which is true in all insulating and semiconducting

materials,

Yay

o ~eCxr (2.2)

In this expression, W, denotes the activation energy of the conductivity, usually caused

by the temperature dependence of the carrier concentration.

The localized thermal runaway at first produces a threshold switching in which a
temporary LRS is generated. If the stimulation persists, oxygen atoms drifts out of this
local high temperature region and this transition state may have a structural change,
which is filament formation [43]. Until here, a permanent LRS is completed, which is

now a memory switching.

Direct visualization of conductive filament has been reported in Pt / TiO, / Pt RRAM
device with the conducting nanofilament formed with magneli phase of Ti,O2y.1 [53].
Evidence from recent studies involving high-resolution transmission electron microscopy
(HRTEM) and electron energy loss spectroscopy (EELS) of NiO memory cells suggest

that the filamentary conducting paths form in the grain boundaries [54]. Planar device
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with CuO as switching layer was used for investigation by Fujiwara et al. [55] It was
found that filament-like structure formation occurred between Pt electrodes during
forming process. It was also shown that if this filament-like structure is cut with a
focused ion beam, device switches back to high resistance. However, there are still some
ongoing debates if the LRS of a MIM is caused by a single filament as indicated by an
electrode area independent LRS resistance or multiple filamentary current paths, which

are randomly distributed [43].

2.5.2 Electrochemical Metallization (Programmable Metallization)

Electrochemical metallization system (ECM) is also known as programmable
metallization cell (PMC) or conductive bridging (CB) cell or solid-electrolyte (SE) cell in
the literature. Resistive switching in this kind of cells is realized by an electrochemical
metal deposition and dissolution. Figure 2.10 schematically shows the basic principle of

operation in an ECM memory cell with typical current-voltage characteristics.
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Figure 2.10 Typical current-voltage characteristic of a Ag/Ag-Ge-Se/Pt electrochemical metallization

cell. The insets A to D show the different stages of the switching procedure. [56]

An ECM memory cell consists of three layers with their respective functions. One is an
electrochemical-active metal electrode, such as Ag, Cu or Ni, which provides metal
cations for bridge formation. Another is an electrochemical-inert counter electrode, such
as Pt, Ir, W or Au, which blocks further chemical reaction. And lastly, a layer of solid-
electrolyte sandwiched between two electrodes. In 1976, Hirose first reported switching
behavior induced by silver dendrite formation and annihilation in As-photodoped
amorphous As,;S; of a MIM system with lateral structure (Figure 2.11 shows lateral
structure image from optical microscope) [57]. About twenty years later, Kozicki et al.

successfully developed the vertical MIM configuration using GeSe as the ion conductor

25



Chapter 2 Literature Review

and applied this idea to be used for nonvolatile memory [40]. Recently, tiny device down

to 20nm has been demonstrated in the literature [58].

Figure 2.11 Optical microscopy image of a Ag dendrite grown from the (-)Au electrode towards

(+)Ag electrode within a As,S; thin film on a glass substrate. [57]

In ECM cells, resistance changes due to metal cations migration and accumulation. When
a sufficiently positive bias voltage is applied to the active electrode, metal cations move
towards the cathode in the force of electric field and are reduced there. Accumulated
metal atoms form a bridge that propagates towards active electrode, once in contact with
the anode, the device is turned on. The overall set process involves the following

steps[43]:

I.  Dissolution of active anode M according to reaction

M > M* + ze

where M?* represents the metal cations in the solid electrolyte thin film;
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ii.  Migration of M** cations across the solid-electrolyte thin film under the action of
high electric field towards the inert cathode;

ii.  Reduction and electrocrystallization of M on the surface of the inert electrode
according to the cathodic deposition reaction

M +ze > M

As electric field is applied on the active electrode, electrocrystallization process (step iii.)
is enhanced in the direction towards anode as indicated in Figure 2.10 inset A. At this
time, the metal filament has grown enough to contact the active electrode; the device is
switched to LRS. This low resistance can be retained after removing the electrical bias.
Only when a sufficient voltage bias with opposite polarity is applied on the active
electrode, this bridge then dissolves starting from the anode contact side and eventually
annihilates the filament. After this, the cell is reset back to HRS state. It is worth noting
that in the initial transition of reset process, there are two currents in parallel, one is an
electrical current through the metallic bridge, and the other is an electrochemical current

(also called Faradaic current) which dissolves the metal filament [43].

The most frequently studied ECM systems involve Ag and Cu as electrochemically active
metals and phase separated amorphous selenides and sulfides as well as various oxides,
acting as solid electrolytes [15]. In the past years, ECM devices has developed rapidly,
switching in the nanoseconds range and on / off ratio of larger than five orders of

magnitude have been demonstrated [59].
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2.5.3 Valence Change Systems (Anion Migration Induced)

There are still many other switching cells that do not depend on active electrode metal
penetration into dielectrics. First report of such system seems as early as 1960s in Nb /

NbO films [60].

Various explanations from electronic and / or ionic mechanisms had been proposed for
such devices in the literature. Several possible mechanisms for resistive switching are
based on purely electronic effects. Simmons et al. suggested the charge-trap model [37] a
few decades ago. In this model, charges are injected by Fowler—Nordheim tunneling at
high electric fields and trapped as defects or metal nanoparticles within the insulator
subsequently. Trapped charges can change the resistance of the MIM structure by
modifying the electrostatic barrier, similarly to that of gate — channel resistance in the
Flash FET. Another explanation of purely electronic effects happens in a strongly
correlated electron system. Electronic charge injection acts like doping to induce an

insulator-metal-transition (IMT) that alters system resistance as in perovskite-type oxides.

In contrast to the pure electronic effect switching, more convincing models based on

anion transport especially oxygen vacancies induced resistance change had grown in the
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literatures during recent years [16]. In many transition metal oxide materials, oxygen ion

defects, typically oxygen vacancies are much more mobile than cations.

Enrichment or depletion of oxygen vacancies affects the valence state of the transition
metal cations and may in turn lead to a considerable change in the electronic conductivity.
Because of the generic character of the valence change in this class of resistive switching,

it is referred to as valence change memory (VCM).

Based on the geometrical localization of switching event, there are two fundamentally
different switching types within VCM, one is filamentary switching and the other is area
distributed switching. In the first case, LRS conduction current is localized in a small
filament range, obviously the LRS resistance is independent of the electrode area, while
in the latter case, the resistance change is more or less homogeneous over the whole area,
and hence, the LRS resistance is proportional to the electrode area. Only in the view point
of device scaling, filament type is favored since operation window increases as cells scale

down.

For filament type, switching procedures can be described as the following: oxygen ion

defects (typically oxygen vacancies) are mobile in the oxide, with the presence of high
29



Chapter 2 Literature Review

electric field, they migrate towards the cathode. If the ion exchange reaction is blocked
by the cathode during electroforming process, an oxygen-deficient region starts to build
and propagate towards the anode. The deficiency in ions is adapted by metal cations with
cathode emitted electrons. Once transition metal cations with reduced valence states are
formed, they generally turn the oxide into a highly conductive phase, which is sometimes
referred to as the “virtual cathode”. When this virtual cathode approaches or almost
touches the anode, the resistance of the system drops dramatically and the electroforming
or set process is considered complete. In contrary to some reports in the literature, oxygen
vacancies accumulate under the cathode, not under the anode. It can be explained like this:
as oxygen vacancies are donors, the region in which they accumulate are n-type doped,
the electric field decreases significantly in this region because of increased conductivity,
leading to a decreased oxygen vacancy motion. As a consequence, the oxygen vacancies
accumulate in the virtual cathode region that propagates towards the anode. Once the
electroforming is completed, bipolar switching takes place through local redox reactions
between the virtual cathode and the anode, by forming and breaking the conductive

contact as illustrated in Figure 2.12.
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Set state Reset state

Figure 2.12 (a) Sketched cross-section of bipolar switching oxide cells indicating the virtual cathode

after forming process (b) highly conductive LRS (set) state (c) highly resistive HRS (reset) state.
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Since this is single filament switching, the LRS resistance is independent of the electrode
area. Also, it has been reported that if the active electrode is cut into several parts after
forming and switching, only one part of the cell shows resistive switching behavior while
other parts exhibit very high resistance that is similar to fresh devices [61]. This is a clear
evidence of single filament switching behavior after forming. For large electrode area, the
on / off ratio is relatively small. This may be due to the fact that only a very small portion
of the whole area is turned into conduction path and the remaining area contributes to a
parallel resistance. As a consequence, the on / off ratio improves significantly with
scaling on the basis that HRS is proportional to the electrode area. In this view,
filamentary switching type shows excellent scaling prospects. However, the

controllability of the filament formation and rupture may be an important issue.

Besides filamentary-type switching, there are also some other reports in the literature
about resistive switching showing electrode area dependent LRS resistance. A so-called
homogeneous interface-type resistive switching had been reported by Sawa [62], which
was observed in different conductive oxide and metal electrode stacks. For this type of
switching cells, the device resistance scales with area and the change of resistance is
attributed to modification of Schottky-barrier at the interface homogeneously distributed

over the entire electrode area, which is induced by the electric field.
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Meyer et al. presented another remarkable design of resistive switching cells with well-
controlled parameters in 2008 [63]. In their design, it introduced an additional tunneling
oxide (TO) between electrode and conductive metal oxide (CMO). Resistive switching in
this kind of cells is attributed to the modulation of potential barrier height of tunneling
oxide by electric field induced oxygen ion transfer between the conductive oxide and the
insulating tunneling oxide as sketched in Figure 2.13 (a). The resistive switching in the
memory cell can be understood in terms of a variation of the space charge in the
tunneling oxide which is due to oxygen ions from conductive metal oxide layer, resulting
in a corresponding variation of tunneling barrier. When a proper positive voltage is
applied, oxygen ions are attracted from the adjacent region of the CMO into the TO
resulting in an increase of effective tunnel barrier height and thus, the resistance of the
cell increases. In contrary, a negative voltage repels oxygen ions from the TO, reducing

tunnel barrier height, leading to a high conductive state.
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Figure 2.13 Active electrode interface of the oxide dual-layer memory concept. [63] (a) Sketch of the
potential barrier for initial, programmed (reset) and erased (set) memory cell. (b) Cell characteristic
as a function of tunneling oxide thickness and scaling of the current with tunneling oxide thickness. (c)

Simulated evolution of the oxygen vacancy profile with time during reset.

Excellent scaling of the read and write current proportional to the electrode area and an
exponential dependence of the current on the barrier thickness (Figure 2.13 (b)) indicates
a homogeneous interface-type switching rather than a filamentary switching mechanism
in this design. Simulation is implemented to calculate the oxygen motion across the
interface in more details. Figure 2.13 (c) shows the simulated evolution of the oxygen

vacancies profile during set process.
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Although the interface-type resistive switching cells described above show improved
device homogeneity and well-behaved scaling properties compared to filament-type
switching cell, it cannot be concluded that the movement of ions and electrons occurs
completely homogeneously over the whole device area. In contrast to the assumption of a
homogeneous charge transport, it had been reported for PCMO [64] as well for Nb-doped
STO [65] that the conductivity of these materials is strongly inhomogeneous. Due to the
statistical distribution of these inhomogeneous conductive sites on the nanoscale, the
properties of the above mentioned devices may scale with the area for device dimensions
in micrometer range, but may differ in the nanometer range. Thus, scaling experiments

down to nanometer scale have to be performed for clarification.

2.5 Metal-Oxide Based Material Stacks for RRAM

Resistive switching phenomena have been observed in a large variety of material stacks
for MIM structure. Research activities have been carried out among universities, research
institutes as well as industries. Table 1 below summarizes resistive switching materials

reported in the literatures.
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Table 1 List of resistance switching materials for RRAM devices reported in the literatures [66].

Binary Metal Oxide | HfO,, ZrO,, TaO,, NiO,, NbO,, TiO,, CuO,, AlO,, MnO,, WO,,, VO,,
MgOx ...

Perovskite PCMO(Pr0‘7Ca0,3M nO3), LCI\/IO(Lal_XCaXM n03),
BSCFO(Baolssr0,5C00,gFeo_203.§), YBCO(Y832CU3O7.X),

(Ba,Sr)TiO3(Cr,Nb-doped), SrZrOs(Cr,V-doped), (La,Sr)MnOs,

Sri4La,TiO3, LajSryFe0s, La;«SrCo0O, SrFeO, ;, LaCo0Os;,
RUngGdCUQOQ,, YBaQCU307, SrTi03, SrZr03...

Others Ge,Se1x(Ag,Cu, Te-doped), Ag.S, Cu,S, CdS, ZnS,Ce0,, Si0,, ...

Other than those materials listed in the above table, there are also other material systems
(eg. organic materials) showing resistive switching. However, considering CMOS
platform compatibility, only a few promising candidates are considered for memory chip
development. Among them, binary transition metal oxide takes a leading step in the
selection due to their simple composition and availability in CMOS platforms. Research
efforts have been made in several metal oxides, Table 2 summarizes the device

performance of various RRAM cells.
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Table 2 Summary and comparison of device performance among several promising metal oxide

based RRAM cells.

Switching Thickness | Electrodes| Current | Voltage Speed Retention Mode Ref
Layer Endurance
HfO, 5-20nm Ni-TiN <0.2mA |<1.5V >10* (bipolar)' [>20hrs @ 150C |both bipolar [[67]
(lowest Ic) |(lowest Ic) [10% (unipolar) and unipolar
HfO, 5-10nm Ti-TiN <0.3mA [<1V (SET/RESET: |>5x10% @ 85C |bipolar [8]
5ns/1ns 1T1R)
HfO, 30nm Si-Ni <2.5mA [<4V (SET/RESET: [>10% @ 85C |Unipolar [68]
500ns/100ns)
HfOX/TiOx/Hf |4/2/412nm  |Pt-TiN <lmA <15V >500 (DC) N.A. bipolar [69]
Ox/TiOx
ZrOx/HfOx NS/3nm Pt N.A. N.A. N.A. N.A. bipolar [70]
SiO/HfSION  |2.5nm Si-NiSi <0.2mA [<4V >50 (DC) >10% @ 150C |both bipolar [[71]
and unipolar
HfO,/ALLO; 4.2nm Si-Ni <lmA <15V >10° >7x10° @ unipolar  [[72]
(SET/RESET: [120C
10ns/30ns)
NbO 40nm Pt-Pt <10mA [<4V >150 (DC) N.A. unipolar [73]
Ta205/TaOx  [5/20nm Pt-Pt <0.1mA |<2.5V >106 N.A. bipolar [74]
(SET/RESET:
10us/10us)
Ti/TiO2 5/20nm TiN-TiN  |[<ImA <15V NS N.A. bipolar [75]
Ti/HfO2 10/5nm TiN-TiN  |[<ImA <2V >4x104 >3x104s @ bipolar [76]
(SET/RESET: |200C
0.5ms/0.5ms)
WOx 46nm W-Pt <5mA <1l.2v >107 N.A. bipolar [77]
(SET/RESET:
10us/10us)
Zr02 19nm Pt-Ti <25puA  [<3V >4x10° 26400s (150C) |bipolar [78]
(single 11000s (175C)
level) 470s (200C)
NiO 35nm W-Au <dmA  [<15V >200 (DC)  [>3x10% @ unipolar  [[79]
125C
TaOy ~40nm Pt-Pt <0.1A <2.5V N.A. N.A. bipolar with ([80]
Ta,05 layer
TiO:Gd 40nm Pt-W <15mA [<1.5V N.A. N.A. unipolar [81]
TiO, 60nm Pt-Pt <10mA [N.A. >4x10° N.A. bipolar [82]
ZnO:La 200nm Pt-Si <20mA <3V >150 (DC) >10°% bipolar [83]
ZnO, NiO/ZnO |50, 50/50 or |Pt-Au <10mA |<2V N.A. N.A. unipolar [73]
or WO,/ZnO 50/50nm
ZNossCUo2O  [80nm ITO-Ag [<20mA  |<15V N.A. >10% both bipolar [[84]
and unipolar
ZrO,/Cu/ZrO, |20/3/20nm |Pt-Cu <70mA |<2.5V N.A. N.A. unipolar [85]
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2.7 Summary

As Flash memory approaches scaling limitations in the near future, several emerging
memory technologies are briefly discussed here. An overview of the development of
resistive random access memory is presented in details. Based on operation scheme, it is
divided into unipolar and bipolar devices. Three possible switching mechanisms are
introduced, although the physics behind these mechanisms are still under debate. In order
to better understand resistive switching phenomena and improve device performances,

more detailed physical and electrical analyses are needed.
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Chapter 3 Experiments

3.1 Introduction

In order to study resistive switching behavior and investigate current conduction
mechanism in oxide-based RRAM devices, memory cells mainly with HfO dielectrics
are fabricated. Both physical and electrical characterizations are performed on these
devices. This chapter describes fabrication process, electrical measurement methods as

well as physical analysis tools used.

3.2 Device fabrication techniques

Basic RRAM device cell has a simple metal - insulator - metal capacitor structure;
fabrication of metal oxide-based memory device can be done with conventional CMOS
semiconductor fabrication process. The most common deposition technique of the
switching oxide layer is sputtering of metal followed by oxygen annealing or reactive
sputtering in oxygen ambient [86]. Other deposition methods are also utilized in the
literature, including atomic layer deposition (ALD) [8, 13], metal organic chemical vapor
deposition (MOCVD) [87], pulsed laser deposition (PLD) [88] and sol-gel spin on [89-
90]. Some papers also report resistive switching in self-assembly NiO nanowire [49, 91]
or ZnO nanorod structures [92]. The thickness of the oxide usually ranges from a few
nanometers to about 100nm. For the most cases, the substrate used is silicon, which is the
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most common material for integrated circuits. However, there are some other efforts to
fabricate memory cell on transparent substrate like glass [93] or flexible substrate like
polymer sheet [90, 94], for some special applications, e.g. inexpensive flexible

lightweight portable electronics.

In this study, resistive switching devices with HfO as the dielectric are fabricated. TiN
and Pt are used as the top and bottom electrode respectively. All fabrication processes are
done in the ---Nanyang Nanofabrication Centre (N2FC) Clean Room 1 (CR1) and Clean

Room (CR2) and clean rooms in Institute of Microelectronics.

Figure 3.1 shows the basic capacitor structure of the RRAM cell, and Figure 3.2 shows
the simple mask design for top electrode definition with different dimensions. For quick
run devices, only one mask is used to define top electrode and probing position is
indicated in Figure 3.1. There are also three masks cross-bar structure devices and
samples with passivation glass design, for which the fabrication details are not shown

here.
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Voltage bias

TiN

Figure 3.1 Basic capacitor structure of RRAM cell in this work with TiN and Pt as electrodes.

Probing positions during measurement are also indicated.

Figure 3.2 Basic mask layout for top electrode patterning with different dimensions
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3.3 Fabrication Process Flow

Since this is CMOS compatible fabrication, processes are mostly done with conventional
CMOS fabrication tools. Process flow of the basic capacitor fabrication is shown in the

following chart and discussed in details below.

Blank wafer cleaning

4

SiO; isolation growth

l

Adhesion layer deposition

J

Pt bottom electrode deposition

Hf deposition 1

U HfOy deposition with

Oxidation of Hf film

|

TiN top electrode deposition

J

Lithography (top electrode patterning)

|

Dry etch to define electrode

J

Passivation and metallization if necessary

Figure 3.3 Baseline flowchart of MIM capacitor structure fabrication
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Blank wafer cleaning: standard RCA cleaning is used for wafer cleaning. Two
sequential cleaning solutions, NH4OH- H,0,-H,0 (called standard cleaning 1 (SC-1),
a composition of 1: 1: 5to 1: 2: 7 at 70 to 80 °C) and HC1-H,0,-H,O(called standard
cleaning 2 (SC-2), a composition of 1: 1: 6 to 1: 2: 8 at 70 to 80 °C), is used to

remove particles, organic and metal contaminations.

Isolation field oxide growth: a thick layer of 500nm SiO, is grown on the blank wafer
by wet oxidation in the furnace. It is used to isolate the capacitor devices from
substrate.
e The thickness is controlled by oxidation time and inspection is done with
ellipsometer.
e Since this layer is to isolate device from substrate, requirement on

thickness is not critical.

Adhesion layer and bottom electrode deposition: a thin layer of ~30nm Ti is
deposited by sputtering or ebeam evaporation to improve adhesion between SiO;and
Pt electrode, as pure Pt layer directly deposited on SiO, may peel off. After that, a
100nm Pt layer is deposited as the bottom electrode by sputtering or ebeam

evaporation.

HfOy deposition by oxidation: A thin Hf film is deposited by sputtering with different

thickness in a high vacuum base pressure at room temperature. Then sample is
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oxidized in the oxygen ambient in alloy furnace, at different temperatures ranging
from 450°C to 800°C and for different time durations of 5 to 20 minutes. Rapid

thermal process (RTP) with oxygen ambient is also tested.

Top electrode deposition: a 100nm thick TiN is deposited by reactive sputtering in
Clusterline 200 with a high vacuum base pressure of 10® mbar and a Ti to N ratio of

~2:1.

Lithography steps include: i) mask cleaning in acetone and IPA (isopropyl alcohol),
and then baking to evaporate residue water droplets; ii) photoresist (PR) spin coating
(PR5214); iii) pre-bake at 105°C for 105 seconds; iv) exposure under UV light; v)
develop in AZ developer for 60 seconds; vi) post bake at 110°C for 10 minutes to
harden the PR for etching.
e The above describes the way to use the PR positively for etching. It is
possible to use it as a negative PR for lift-off process, when the metal
electrode material is difficult to be etched, e.g. Ni, Pt. In such case,

fabrication process flow is a bit different.

Dry etching and photoresist strip: A chlorine based dry etching recipe is used to etch
the TiN in a metal etcher to define top electrode patterns. Etching time is proportional
to the thickness of the metal. Etching stop time is determined with end point detection
plus a 15 to 20 percent over etch in the machine to ensure total removal of the metal

electrode in the designed area.
44



Chapter 3 Experiments

viii.

After top electrode patterning, device is ready for electrical characterizations.
However, to prevent device from external contamination or oxidation, it is sometimes
necessary to have passivation after all processes. This is done by covering the wafer
with PECVD dielectrics (silicon oxide / nitride or both), open contact hole, and then

metallization to form measurement pads.

After device fabrication, various physical and electrical characterization techniques are
used to study the resistive switching in HfOx-based RRAM devices, and the detailed

results will be presented and analyzed in the following chapters.

3.4 Physical Characterization Tools

During device fabrication, it sometimes requires inspections before or after some steps.
And to better understand the resistive switching behavior in HfOx-based RRAM devices,
it is necessary to know the microscopic nature of the material. For these purposes, several

physical characterization tools frequently used in the project are introduced.

> Spectroscopic Ellipsometer: It is an optical tool designed for investigation of the
dielectric properties (complex refractive index or dielectric function) of thin films.
Figure 3.4 is the schematic illustration of an ellipsometer measurement setup. It is a
very sensitive measurement technique and provides incomparable capabilities for thin

film metrology. It is commonly used to characterize film thickness for single layer or
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complex multilayer stacks with an excellent accuracy. In this work, it is mainly used
to measure the thickness of HfO film through iterative fitting of optical functions and
film thickness. And the value is further calibrated with TEM examination that will be

introduced later.

. 1
Light source | Detector
1
1
1
1
Polarizer Analyzer
1
o 1
Compensator 1 Compensator
(optional) ! (optional)

Sample

Figure 3.4 Schematic illustration of an ellipsometer measurement setup [95]

» Surface profile measuring system: This is another tool used for film thickness
measurement as well as some critical dimension inspection. It works with a tiny
diamond stylus (in contact with the sample surface vertically) that moves laterally
across the samples surface over a specific distance. The surface profile is plotted
directly with vertical stylus displacement as a function of position without any
modeling [96]. It has a vertical measurement resolution around 10nm. As its
resolution is not so high and sputtering deposition is nearly proportional to process
time, it is practical to deposit a thick film and take the average deposition rate. For

example in this project, switching oxide layer used is at the range of around 10nm,
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while for profiler measurement, a thick oxide of more than 500nm is deposited and

take the average deposition rate to be used for thin oxide.

» Scanning electron microscope (SEM): It works by scanning the sample surface with a
high-energy electron beam in a raster scan pattern. The electrons interact with the
atoms that make up the sample producing signals that contain information about the
sample’s surface topography and other properties. In this work, SEM is used to check
the surface morphology of the deposited films. It is also used to measure thin film

thickness with cross-section configuration.

Figure 3.5 Image of LEO 1550 Gemini SEM used in this work
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Figure 3.6 SEM image of poor quality platinum film deposited at the initial phase of this project

» Transmission electron microscope (TEM): It is a microscopy technique whereby a
beam of electrons is transmitted through an ultra thin specimen, interacting with the
specimen as it passes through. An image is formed with interaction of the electrons
transmitted through the specimen. The image is magnified and focused onto an
imaging device [97]. The TEM is capable of imaging at a significantly higher
resolution than an optical microscope; it also has a higher resolution than SEM. This
enables the examination of specimen details as small as a single column of atoms and
such features make the TEM a powerful analysis tool in a range of scientific fields,
especially in the semiconductor industry. In this work, TEM is used to image the

cross-section morphology of the MIM structure.
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Figure 3.7 TEM image of an under etched contact hole, which causes a large contact resistance

» Atomic force microscopy (AFM): It is a very high resolution type of scanning probe
microscopy used to plot surface roughness at nanoscale. The AFM consists of a tiny
cantilever with a sharp tip at its end used to scan the surface of the sample. The
cantilever is typically made of silicon or silicon nitride with a tip on the order of
nanometers. During surface scan, the tip is brought into proximity of the sample.
Atomic forces between the tip and the sample lead to a deflection of the cantilever
[98]. Typically, this deflection is measured using a laser spot reflected from the top

surface of the cantilever into an array of photodiodes. The collected signals are
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processed with electronic circuits and the surface information is plotted. AFM is used

to characterize surface roughness of the thin films in this work.

Detector and
Feedback

Electronics

Photodiode

, Laser

L

Sample Surface 7 Cantilever & Tip

PZT Scanner

Figure 3.8 Schematic diagram of AFM operation principle [98]

» Energy dispersive X-ray spectroscopy (EDX/EDS): It is an analytical technique used
for elemental analysis or chemical characterization of a sample. It relies on the
investigation of a sample through interactions between electromagnetic radiation and
matter, analyzing x-rays emitted by the matter in response to being hit with charged
particles. Its characterization capabilities are due in large part to the fundamental
principle that each element has a unique atomic structure allowing x-rays that are

characteristic of an element's atomic structure to be identified uniquely from each
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other [99]. In this work, EDX is used to show the elemental spatial profile of the

MIM capacitor during TEM characterization.
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Figure 3.9 An example of EDX scan plot that reveals the spatial distribution of elements in an

Pt/HfO/TIN RRAM cell

» X-ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopic technique
that measures the elemental composition, empirical formula, chemical state and
electronic state of the elements that exist within a material. XPS spectra are obtained
by irradiating a material with a beam of X-rays while simultaneously measuring the
kinetic energy (KE) and number of electrons that escape from the top 1 to 10 nm of
the material being analyzed [100]. In this work, the valence state of hafnium in the
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hafnia film is confirmed by the XPS signal peaks position, and hafnium to oxygen
ratio is identified by analyzing of XPS signal curve. Details of XPS results are shown

in Chapter 4.
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Figure 3.10 Simplified schematic illustration of how XPS works [100]
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3.5 Electrical characterization

3.5.1 Equipment used for characterization

In order to study the resistive switching behavior and verify the performance of oxide-
based RRAM devices, electrical characterization is carried out mainly on a Keithley 4200
Semiconductor Characterization System (SCS) connected to a SUSS 200mm manual
probe station setup. For fast switching, an Agilent 81110A pulse generator (Figure 3.11
(c)) is used to provide short pulse down to the nanoseconds range. And an oscilloscope is

usually connected to check the input and output waveforms.

The Keithley 4200 SCS as shown in Figure 3.11 (a) is the most frequently used electrical
parameter analyzer in this project. It performs lab grade DC device characterization with
advanced features such as real-time plotting, sub-femtoamp resolution and analysis with
high precision. Its embedded PC with windows operating system and mass storage
enables self-documentation and point-and-click interface, which speeds and simplifies the
process of data collection. There are four high resolution source measurement units
(SMU) that can be connected to probe heads in the SUSS probe station system via tri-
axial cables with low current leakage. The SUSS probe station serves as a platform for
device biasing and all related electrical measurement. The station setup consists of
several components as indicated in Figure 3.11 (b): a gas distribution panel, an optical
microscope for observation, a manual probe chamber with SMU connections, a vibration

absorbent table, a light source and an electronic heater for temperature control.
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Figure 3.11 Equipment used in electrical characterization (a) Keithley 4200 Semiconductor
Characterization System (b) SUSS 200mm probe station system (c) Agilent 81110A pulse generation
unit
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3.5.2 Resistive switching measurement

In the chapter of literature review, resistive switching behavior (RS) is classified into two
modes, unipolar and bipolar. HfOx based RRAM device with TiN as top electrode and Pt
as bottom electrode shows mostly bipolar switching as shown in Figure 3.12. The most
common measurement method is voltage-sweep controlled switching. In this method, a
gradually changing voltage bias with constants steps is applied to the top electrode and
the bottom electrode is grounded. This is called voltage sweep mode (VSM). During

voltage sweep, the resistance changes from HRS to LRS and vice versa.

,f Reset current Compliance current

Current (A)

Voltage (V)

Figure 3.12 Typical DC bipolar resistive switching current-voltage characteristics of HfOx based

RRAM device with TiN as top electrode and Pt as bottom electrode
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As indicated in Figure 3.12, during positive voltage sweep 1 (set process), current
suddenly jumps at 1.5V. This is defined as the set voltage. To avoid permanent
breakdown of the device, compliance current is set at ImA in this example. The LRS is
maintained even after voltage bias is removed. While during the negative sweep 3, the
current starts to drop at -0.55V. This peak value of the current is defined as the reset
current and the voltage point is defined as the reset voltage. However, in some other
cases, the reset voltage is defined as the point where LRS resistance increases to a certain
level, e.g. 10 times of the original value. The forming process measurement is very
similar to that of set and may be just different in terms of compliance current level. It is

not separately discussed here.

In most bipolar VSM switching, an abrupt current jump during the set / forming process
is observed. Although the current seems to be limited by the compliance in the figure, the
actual transit voltage / current might be much high due to the discharge of parasitic
capacitance [101]. To aim for suppression of the overshoot current during transition and
inspired by current driven electroforming reported by Nauenheim et al. [102], current
sweep mode (CSM) is proposed to improve switching uniformity [103-104]. This
measurement technique is also implemented in the project. However, it does not work so
well for most of the devices used in this work. There are still obvious overshoot that
results in a much higher reset current than compliance value. It is worth noting that to
implement CSM directly in large scale memory array is technically challenging due to

the limit of pulse current operation mode in CMOS circuits. Optimization of the RRAM
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cell or circuit is required, such as integration with a control transistor or a series resistor

[105-106].

origin
state

Currentsweep
Forming

Cins >,

Current Voltage
sweep Set sweep Reset

Figure 3.13 New operating scheme proposed by Chen et al. using CSM for forming and set and VSM

for reset to improve device switching uniformity [103]

3.5.3 Retention measurement

Data retention is referred to the ability of the memory cell to retain its state over a long
period regardless of whether the power is on or off. It is an important specification of
nonvolatile memory. In general, a minimum of 10-year data retention time is required for
a commercial memory chip. As it is impossible to measure retention over such a long
time, it is more practically to estimate or project retention based on accelerated stressing
data and Arrhenius plot. Retention measurement in this work is mostly done with a

constant voltage stress as shown in Figure 3.14 (a). It is also possible to measure data
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retention by applying bias only at the time point when reading resistance as in Figure
3.14 (b) leaving the device unstressed for the rest of the time. Temperature accelerated

retention measurement is also used, which is to be discussed in a later chapter.
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Figure 3.14 Data retention measurement (a) constant voltage stress measurement (b) retention

measurement with short period bias applied only at certain recording time points
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3.5.4 AC switching measurement

Oxide-based RRAM is developed for next generation nonvolatile memory applications.
Programming / erasing speed is also one of the important specifications. Compared to
Flash memory with programming speed in the milliseconds range, RRAM operates at a
much faster speed down to nanoseconds. To test switching speed of the fabricated cells,
AC resistive switching (pulse measurement) is implemented with an Agilent pulse
generator. Figure 3.15 shows the waveforms of two pulses of widths 50ns and 20ns
respectively measured at mid-height with rising and fall time of 10ns. Similar to DC
switching, an electrical pulse is applied to the top electrode of the device with the bottom

electrode grounded.

50ns +2V pulse 20ns +2V pulse
2+
>
(]
(@)
g1}
g 50ns 20ns

Minimum rise and fall time 10ns

Pulse width is from half peak value
1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1

0 20 40 60 80 100 120 140 160 180

Time (ns)

Figure 3.15 Schematic waveforms of two pulses of widths 50ns and 20ns measured at half peak

voltage point with rising and falling time of 10ns.
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3.5.5 Low frequency noise measurement

The low frequency noise (LFN) has been the research topic for the MOSFET device since
the past. As the LFN signal increases with respect to the reciprocal of the device area
[107], it is drawing more attention as continuous scaling down of the critical dimensions.
It has been recognized as a capable tool to characterize the current conduction
mechanism and fluctuation sources in any electronic devices. As the RRAM device is to
be used in ultra-high density nonvolatile memory, it is expected that LFN analysis can
provide useful information about the conduction mechanism as well as defect

characteristics.

With that in mind, LFN measurement is carried out on the memory devices fabricated. A
wafer-level, computer-assisted system, programmable point probe noise measuring
system (3PMNS) is used for LFN analysis [108]. Figure 3.16 (a) shows the schematic of
the 3PMNS noise measurement setup. The computer-controlled current / voltage
converter (I/V converter) whose input can be remotely biased is referred as a
programmable biasing amplifier (PBA). A simplified version of PBA is shown in Figure
3.16 (b). PBA features computer-controlled gain and input bias, which allows developing
program for automatic or keyboard-controlled LFN measurement on various electronic
devices. The simplicity of the novel instrument makes the data collection not only easier

and faster but also extremely flexible.
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Figure 3.16 (a) Schematic of 3PMNS low frequency noise measurement setup (b) Simplified

schematic of the programmable biasing amplifier [109].
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3.6 Summary

Fabrication process flow of oxide-based RRAM devices has been presented in this
chapter. Various physical characterization tools used during and after fabrication have
also been introduced. Electrical measurement methodologies including resistive
switching, data retention and low frequency noise analysis are discussed. Equipment or

system setup for each electrical characterization test has also been described.
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Chapter 4 Resistive Switching Mechanism
Investigation and Temperature Instability
Study in Oxide-based RRAM

4.1 Introduction

Since late 1990s, RRAM has been actively researched both in industry and academia as
one of the most promising candidates for next generation nonvolatile memory or
universal memory [9, 15]. Resistive switching behavior of various transition metal oxides
(TMO) and complex oxides, including NiOy, TiOx, WOy, ZnOy, CuOy, SrTiO, LaCaMnO,
etc. have been reported [9, 12-14, 30, 62, 86, 89, 92, 110-112]. Due to simple

composition, TMO has attracted greater attention as RRAM materials.

In recent years, many ideal characteristics including high programming speed (down to
nanoseconds), long data retention period of more than 10 years, low power consumption,
high integration density and continued scalability have been demonstrated in numerous
RRAM devices. And among them, HfO based RRAM device has displayed outstanding
performance as presented in IEDM 2008 [8]. However, precise predictions of device
performance are still not possible, as many details of the switching mechanism behind the

reported phenomena are still unknown [30], which is a key challenge of this technology.
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To better understand the underlying physics, resistive switching behavior of HfO, based
RRAM device is being thoroughly investigated in this chapter. Stable bipolar switching
has been observed in the fabricated cells with good endurance and retention. Bias
temperature instability testing is being implemented to study the voltage and temperature
effects on both (a) the switching and retention [50, 113-114], and (b) multilevel switching

phenomena.

4.2 Physical Analysis

The device under test uses a thermal oxidized HfO as the resistive switching layer, TiN
and Pt as the top and bottom electrode, respectively. Device fabrication process is

described in Chapter 3.

421 XPS Results of the Oxidized Film

The chemical composition of the prepared resistive switching layer after oxidation is
analyzed by XPS. Thin Hf film of ~8nm being deposited by DC sputtering is oxidized in
furnace at 450°C for different periods of 5 to 20 minutes. Two samples with 5 min and 20
min oxidation time are sent for XPS measurement. Hf 4f scan shows two peaks at binding
energies of 17.1eV and 18.6eV indicating that both films have been fully oxidized even
within short oxidation time. The composition analysis from XPS also shows a hafnium to
oxygen ratio of 1:2. This confirms the as prepared Hf film to be fully oxidized prior to

TiN top electrode deposition.
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Sample oxided for 5 minutes

Intensity
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Figure 4.1 XPS Hf 4f scan of HfO, as-deposited film with oxidation time of 5 and 20 minutes

respectively, binding energy (BE) peaks at 17.1eV and 18.6 eV show the as prepared Hf thin film has

been fully oxidized. (Calibrated with C 1s)
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4.2.2 Cross-Section TEM and EDX analysis

High resolution transmission electron microscope (HRTEM) is used to check the
morphology of the prepared samples. Figure 4.2 below shows the cross-sectional image
of the TIN/HfO,/Pt memory cell. The thickness of HfOy is approximately 8nm, and an
interfacial layer (IL) of TiOxNy (~ 1 to 2nm) is identified between the HfO, and top
electrode (TiN), which may be due to the strong attraction of oxygen ions towards Ti

[115].

Figure 4.2 HRTEM image of the TiN/HfO,/Pt memory cell, an interfacial layer of TiOxN, is

identified

This interfacial layer formation is further confirmed with EDX spectrum profile as shown
in Figure 4.3. The oxygen profile trends towards the TiN side, indicating that the HfOy

layer in the device region possibly becomes oxygen deficient due to the formation of
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TiOxNy. It is believed that this IL layer may serve as an oxygen reservoir for resistive

switching.
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Figure 4.3 EDX spectrum of elemental spatial profile showing oxygen tends to be attracted by TiN.

Inset indicates the direction of profile.

4.3 Resistive Switching in HfO,-Based RRAM Cell

Polarity dependent bipolar resistive switching phenomenon is observed in the fabricated
RRAM cells. Figure 4.4 shows the current-voltage (I-V) characteristics of 100 repetitive
DC sweeps after forming at room temperature. Sweeping directions have been marked in

the figure.

67



Chapter 4 Resistive Switching Mechanism Investigation and
Temperature Instability Study in Oxide-Based RRAM

1. 0V->3V: With an increasing positive voltage bias, the current suddenly increases
at a set voltage (~1.4V), indicating a transition from high resistance state (HRS)
to low resistance state (LRS).

2. 3V->0V: With a voltage dropped from 3V to OV. The resistance state remains
unchanged, indicating that the resistance state can be maintained.

3. 0V->-4V: A reverse voltage bias is applied and resistance of the cell is reset back
to HRS.

4. -4V->0V: When the voltage bias is reduced to 0V, no change of resistance state is

being observed.

Current (A)

Voltage (V)

Figure 4.4 The switching characteristics of 100 repetitive DC sweeping current-voltage of the HfO,

based ReRAM after a forming process at room temperature.
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For the fabricated RRAM devices, a good endurance has been demonstrated, an on / off

ratio of more than ten times is maintained after 500 DC cycles as shown in Figure 4.5.
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Figure 4.5 Switching endurance of 500 cycles in DC sweeping mode at room temperature. Resistance

values are taken at 0.5V for both HRS and LRS

The resistive switching phenomenon can be explained by the formation and rupture of
oxygen vacancies related conduction filaments [16]. In detail, the set process can be liken
to a percolation effect which forces oxygen ions to be depleted from the oxide, thus
forming a conduction path with oxygen vacancies (Vo). This process is similar to
dielectric soft breakdown. Correspondingly, the reset process depletes electrons from the
vacancies and recovers them with oxygen ions from TiOxNy interfacial layer or

interstitials. The schematic set/reset process is shown in the figure below.
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HfO, TiION TiN
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@ Oxygenionrecoveredvacancy ® Electron

—> Electrical force on oxygenions

Figure 4.6 The schematics of set and reset processes. During set, oxygen ions move away from its
lattice by applied electric field and form the conduction path with oxygen vacancies. During reset,

oxygen ions move back to recombine with the vacancies and then conduction path disappears.

4.4 Temperature Effect on Resistive Switching

To better understand the resistive switching behavior in TiN/HfO,/Pt device, resistive
switching at both room temperature and high temperature (100°C) are being compared in
Figure 4.7. It is clearly observed that HRS current increases under both polarities with

temperature, which can be explained by the schematics as inset of this figure.
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Current (A)

-1 0 1 2 3
Voltage (V)
Figure 4.7 Comparison of resistive switching at both 25°C and 100°C. (inset shows schematic high
temperature HRS leakage current (TAT) increases). At high temperature, trap concentration inside
dielectric increases, which gives rise to TAT current. Therefore, the On/Off ratio decreases at high

temperature.

When device is reset to HRS, the conduction filament is believed to be broken near the
metal dielectric interface at the top electrode, cutting off the current. According to crystal
defect theory [116], the probability (p) of oxygen ions to overcome the potential barrier

and create vacancies can be expressed as

p=vexp(—E/k;T) (4.1)

where E is potential barrier height, T is temperature. Thus, with the increase of
temperature, the probability of defect formation increases. It could also be described as

follows: with increasing temperature, thermal vibration of oxygen ions becomes stronger,
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which means the base energy is higher, thus the potential barrier is equivalently lowered.
As a result, more oxygen vacancies are being generated. The increased V,—related traps
inside the dielectrics would therefore increase the trap-assisted tunneling (TAT) leakage
[115, 117]. Consequently, a smaller on/off ratio would also be observed, as illustrated in

Figure 4.8. For both room and high temperature, retention are stable during the 1000s

measurement.
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Figure 4.8 Retention behavior at both room and high temperature at the voltage of 0.5V. It shows a
clear current level different between room temperature and high temperature, while for both cases,

retention is stable over the 1000s period.

Furthermore, as temperature increases, the probability of oxygen vacancies generation
increases based on crystal defect theory, which is equivalent to the oxygen vacancy

formation energy barrier lowering in both within the oxide (for set process) and
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interfacial layer (for reset process). In addition, oxygen ion mobility will increase with
higher temperature [63]. Thus it is believed that owing to these two factors, a reduced
electrical field is required to create/rupture the filament for set/reset process [118]. Hence
the set and reset voltages are expected to decrease with increasing temperature, which can
be confirmed in Figure 4.9. Note that during the measurement, 10 cycles of DC sweep are

applied at each temperature point.
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Figure 4.9 Set (V) and reset (V,eet) Voltages decrease with increasing temperature. Data points

show the average values of 10 set/reset voltages of DC sweeps at each temperature.

4.5 Retention Characteristic of Fabricated Cells

Data retention is an important parameter of NVM, where temperature usually plays an
important role. Hence, bias temperature instability of prepared memory cells is being
investigated. Electrical stress of 0.1V to 0.8V at both room temperature and high
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temperature on the reliability of RRAM devices is studied in Figure 4.10. The HRS
resistance variation after different periods of stress (JAR/R=o|, Where Rz stands for the
resistance prior to stressing) is used to evaluate the degradation of ReRAM. It can be
observed that the variation at room temperature is much smaller as compared to high
temperature case for all stressing conditions. The resistance variation at high temperature
is less than 60% and is almost independent of stressing condition. This variation will not
degrade the reliability (retention) of ReRAM, as shown in Figure 4.10. Possible reasons

may be due to small stressing voltage (smaller than V) and short stressing time.
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Figure 4.10 Resistance variation (JAR/R|) of HRS at different stress conditions and temperatures. It
shows |AR/R| (original resistance is defined as the resistance prior to stressing) does not vary much,

which is negligible as compared with memory window of ~100 times.
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It has been widely accepted that the formation and rupture of conductive filaments (CF)
consisting of oxygen vacancies (V,) are responsible for the switching between HRS and
LRS. The generation and diffusion of a new V, will cause the significant reduction of
HRS resistance, inducing a sharp current increase and lead to HRS retention failure [119-
120]. Based on the crystal defect theory and probability theory, the expected HRS

retention time can be expressed as following:

nt

F(t)=1-(1-p)e (4.2)
p = exp (—Eq/kgT) (4.3)
tp= —2— ~ 2 (4.4)

n|ln(1-p)| np

~ Intg % (4.5)

where F(t) is failure probability, p is V, generation probability, E, is activation energy
related to the formation of V,, tz is expected time of HRS retention, n is number of

possible places for V, generation and ¢t is vibration period for lattice oxygen atom.

From this model, the natural logarithm of expected HRS retention time is inversely
proportional to temperature, which is consistent with reported literatures [119, 121-123].
It is verified with measurement results as shown in Figure 4.11. In this figure, each data
point is a logarithm average value of ten measurement results, where observed
exponential dependence of HRS retention time on temperature is consistent with the

previous formula derivation. Other than that, the slope is found to be 2580.22, and the
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activation energy extracted is 0.22eV which is related to the formation energy of V,

generation.
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Figure 4.11 Measured HRS retention times as a function of temperature. The exponential
dependence of the retention time with temperature is observed, which is consistent with formula

derivation.

For RRAM devices fabricated in this study, LRS retention is considered consistently
stable, hence only HRS retention is being investigated, and moreover, retention failure
occurs in HRS. However, for real device development, both HRS and LRS should be
studied in detail and also the intermediate states for multilevel storage. Such research

effort can be found in the literatures [113, 119-120].
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4.6 Multi-level switching

By a proper control of the measurement conditions, HfO, based RRAM devices exhibit
multi-level operating potential, which can further increase the memory capacity. This
feature makes RRAM better candidate for the next generation nonvolatile memory. There
are two possible ways to enable multi-level switching as shown in Figure 4.12 and Figure
4.13 by either using different reset stop voltage or different compliance level as reported

in the literatures [8, 124-125].

In Figure 4.12, the reset voltage sweep stops at different value of -2V, -2.5V, -3V and -
3.5V, which results in different HRS values. This may be due to the incomplete recovery
of oxygen ions with vacancies, and it reveals that some of the oxygen ions may need

higher voltage to enable the recovery process with vacancies.

Current

Voltage

Figure 4.12 Multi-level switching with different reset stop voltages from -2V to -3.5V. Besides LRS,

four levels of resistance can be achieved by proper control of voltage.
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Another method is by setting different compliance current as shown in Figure 4.13. The
compliance level limits the degree of breakdown during set process, hence giving
different LRS resistance values, which indicates that the compliance current may affect

the number or size of the conduction paths [126].

e CC@10mA
[ —4— CC@50mA
-2 -1 0 1 2
Voltage

Figure 4.13 Multi-level switching under different compliance currents from 5mA to 50mA. Besides

HRS, three levels of resistance can be achieved by proper control of compliance current.

However, at high temperature, due to the higher leakage at HRS as mentioned previously,
the multi-level switching might not be retained as shown in Figure 4.14. These
temperature dependent switching properties might pose a challenge to the

commercialization of binary oxide based RRAM devices. Material-oriented solutions
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should be applied to improve the conditions by controlling the formation / rupture of

conduction filaments as well as thermal stability of switching layer.
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Figure 4.14 Multi-level switching disappears at high temperature (60°C). This may be due to higher
leakage current at high temperature, which is equivalent to a lowered HRS resistance. Inset shows

the multi-level switching at room temperature.

In Figure 4.12 and Figure 4.14, it is observed that the transition between LRS and HRS
(reset process) is much broader when compared to its opposite (set process) [114], which
is more abrupt. The V, related conduction filament is used to explain the resistive
switching mechanism of HfO,-based RRAM. For set process, it is believed that electric
field can cause the oxygen ions to be removed from its original lattice point, which would

further lead to immediate V, related filament formation at once without involving the
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oxygen ion diffusion. Thus we observe the abrupt leakage jump from HRS to LRS. While
for reset process, it involves the diffusion process of oxygen ion from interfacial layer or
interstitial site to its desired position. Due to the diffusion process of oxygen ions, it
might not be possible to recombine all the V, in one time. Thus, the transition from LRS

to HRS could be broader.
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Q Oxygen vacancy (V,2%) @ Oxygenion (0?)
. Oxygen ion recovered vacancy
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Figure 4.15 Schematic set / reset transition indicating diffusion in reset process

4.7 Summary

The resistive switching behavior and thermal instability in HfO4-based RRAM cell is

being studied in this chapter. Important findings are summarized as following:
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Bipolar resistive switching phenomenon with good endurance is observed in the
fabricated RRAM cells. This can be explained by formation and rupture of
oxygen vacancies related conduction filament.

At high temperature, the probability of oxygen vacancy formation increases,
giving rise to the trap-assist tunneling leakage, hence memory window decreases
with increasing temperature.

Temperature effect plays a more important role on HRS resistance degradation as
compared to electrical bias. HRS resistance failure can be related to oxygen
vacancy generation, hence the expected retention time at room temperature can be
extrapolated from Arrhenius plot.

Multi-level switching is observed in the fabricated cells with different reset stop
voltage or different compliance current. However, multilevel switching might not

be retainable at high temperature.
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5.1 Introduction

Transition metal oxide materials have been extensively studied in the recent years for
future generation nonvolatile memory application owing to its promising performance
and CMOS compatibility [8-9]. Switching mechanism in this type of Resistive Random
Access Memory devices is proposed to be related to local oxygen vacancy filament
formation and rupture by redox reaction [16, 48], which has been discussed in detail in
the previous chapter. However, the current conduction mechanisms in different resistance
states are still under debate despite its importance to understand the RRAM switching

properties and power consumption [127].

The low frequency noise (LFN) measurement is a powerful tool to characterize the
current conduction mechanism and fluctuation sources in any electronic devices [107].
Since the LFN increases reciprocally with device area, it has received wide attention
especially in aggressively scaled devices [107, 128]. For RRAM devices, LFN
characteristics are expected to provide useful information about conduction and
fluctuation mechanisms as well as defect characteristics [129-132]. In this chapter,
current conduction mechanism is investigated with DC and LFN analysis on HfO based

RRAM devices of various dimensions.
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5.2 Device under test

HfOx-based RRAM devices used for this study are fabricated using the standard CMOS
platform technology on 8 inch Si wafers. A 20 nm thick Ti layer and a 50 nm thick Pt
layers are deposited by E-beam evaporation as the adhesion layer and the bottom
electrode, respectively. Then 10 nm HfO, and 50 nm TiN layers are deposited by reactive
sputtering with proper annealing conditions as the switching layer and top electrode
respectively. Devices are then patterned with traditional lithography and dry etched into
square shapes with dimensions from 1010 pm? to 100100 pm?. Post metal dielectric is
used to cover the wafer preventing devices from further possible damages after

fabrication.

TiN 50nm

Ti 20nm
Si Substrate

Figure 5.1 Schematic of the memory cell (DUT) used in current conduction mechanism investigation
via both DC and LFN analysis. TiN and Pt are used as top and bottom electrode respectively and

10nm of HfO, is used as resistive switching layer.

In this part of the work, a group of measurements are taken on four types of square
devices with dimensions of 10um, 20um, 50um and 100um (for clarity, denoted as L10,

L20, L50 and L100 respectively). To avoid one device representing the measurement
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results, which might be non-typical, for each area, at least 3 devices are used, and for

each device, three states of fresh, HRS and LRS are measured with five different biases.

5.3 DC current conduction mechanism investigation

Devices used for conduction study exhibit polarity dependent bipolar resistive switching

behavior and a typical transition curve is show below:

10°

Current (A)
s, 5 3 3

-
o
)

Voltage (V)

Figure 5.2 Typical bipolar resistive switching curve for HfO, RRAM device used for current

conduction investigation

To analyze the current conduction mechanism in different states, the respective I-V curve

is plotted with logarithmic axes in Figure 5.3. From |-V fitting with a slope of 1 in the
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upper part of this figure, it indicates the ohmic / metallic conduction nature of LRS.
However, for HRS, slope equals to one at very small bias and around two at higher

voltage. It exhibits non-ohmic behavior with non-linear 1-V slope, which may be due to

electron hopping conduction.

Current (A)

“o0r o1 1
Voltage (V)

Figure 5.3 Logarithmic plot of I-V curve for current conduction model fitting of HRS and LRS.

Slope of one is observed for the entire LRS and small voltage bias of HRS, slope is close to 2 for HRS

at large bias.

To get further information, LRS and HRS resistances are measured at various
temperatures as shown in Figure 5.4. This measurement confirms the ohmic / metallic

conduction nature of LRS with temperature independency. While for HRS, a thermal
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activation energy of around 40 meV in the high temperature resistance measurement
confirms electron hopping conduction [133]. As a result, the on current of LRS should be
independent of device area, while on the contrary the off leakage current of HRS and
fresh state should be scalable with device area as reported in the literature [8, 134]. It
should be noted here that this resistance change with temperature is not to be confused
with Figure 4.8 in Chapter 4. Resistance values here are measured at different
temperatures without switching each time, that means, RRAM cell is reset to HRS and
then measure resistance for a few times at different temperatures. However, in Figure 4.8,
RRAM device is switched at each temperature and then resistance is measured. That is to
say the resistance change here is due to semiconductor like conduction, while in Figure
4.8, it is due to the change of switching kinetics. Of course, there is some impact of
conduction related resistance decrease in Figure 4.8, but this portion is much less than the
resistance change due to switching kinetics if we compare the amplitude of change in

resistance levels of these two figures.
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Figure 5.4 Temperature dependent resistance plot with activation energy fitting.

To compare DC current levels in devices with different areas, small bias voltage sweep is
applied in the fresh state, HRS and LRS. A voltage below transition threshold is used to
avoid resistive switching during measurement. Figure 5.5 shows I-V curve for the fresh
state of 4 devices with different areas. All these curves are non-linear (not shown in linear
scale here), which indicates kind of hopping or thermally activated current transport with
dependence on the area. It is the oxide leakage current since no stress has been applied

yet.
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Figure 5.5 Current voltage curves for the fresh state of devices with different areas. It clearly shows

four current levels in accordance with device areas.

The HRS I-V curves are presented in Figure 5.6. Figure 5.6 (a) is the 1-V curve for all
devices. It is similar to those of the fresh state, i.e. area dependent and not linear. The
amplitude is also similar; it indicates roughly complete recovery of the conduction
filament after reset process. After normalization with area, all curves overlaps with each
other. This indicates that the HRS current is more or less uniformly distributed over the

whole device area.
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Figure 5.6 (a) Current voltage curves of HRS states for different areas. It shows clearly four current
levels in accordance with device areas. (b) Normalized current density with device areas indicating

area scaling property of HRS current.
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The LRS I-V characteristics are shown in Figure 5.7. Without any normalization, all
curves are at similar level, the current level is related to the compliance setting, which
limits the degree of conduction to some extent. It means the current in LRS does not
depend on the area of device, which is consistent with filament conduction. Moreover, all
currents show a linear dependence on the bias voltage (not shown in linear-axis plot here),

which is the ohmic conduction behavior.
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Figure 5.7 Current voltage curves of LRS states for different areas showing no area dependence and

a linear relationship on the biasing voltage.

To get a clearer picture of the resistance levels at different states with device area scaling,

Figure 5.8 is plotted. It shows that the resistance scales linearly with device area in fresh
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and HRS states with log-log axis, while the resistance keeps nearly constant at all device

area points in LRS, similar to those reported in the literatures [8, 134].
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Figure 5.8 Resistance versus device area plot for fresh, HRS and LRS. For both fresh and HRS state,
resistance shows a reciprocal scaling effect with respect of device areas; while for LRS, there is no

dependence on device areas.

5.4 Low frequency noise background

Currents and voltages in an electronic circuit are perturbed from their given values due to
interference of noise. The desired signal becomes difficult to distinguish when the noise
power is significant in relation to the signal power. This is why noise has to be minimized
in the electronic systems. One could categorize noise into two major forms, external

sources and internal random fluctuations in the electronic transport process. External
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noise comes from adjacent circuits, AC power lines, radio transmitters, etc., which may
disturb the system in use. The major interest of noise study is from internal noise, it is the
true noise from the system itself. Due to its random nature, this kind of noise cannot be
completely eliminated and therefore limits the accuracy of measurement and sets a lower
limit on how small the signals that can be detected and processed in an electronic circuit.
Thus, noise is a fundamental problem in science and engineering, important to understand,
characterize and consider in order to minimize its effects and estimate the accuracy of

detected signals [135].

True noise in an electronic device is random, spontaneous perturbation from electronic
conduction of the device itself. A common and powerful method to characterize and
describe noise is by converting the problem from the time domain to the frequency
domain by Fourier transformation. The noise analysis has been implemented in MOSFET
devices for a long time and it sheds light on the current transport as well as traps
information like density or distribution in the device. It can similarly be applied to

RRAM cells for current transport and traps studies.

The excess noise above the well-known thermal noise and shot noise that shows up at
low frequencies is the so-called low frequency noise. Other names are 1/f noise or flicker
noise. It is the common name for fluctuations with a power spectral density (PSD)
propotional to 1/fY with y close to 1, usually in the range 0.7 — 1.3. The PSD for 1/f

noise takes the general form:
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KIP

Si= "% (5.1)

where K is a constant and f is a current exponent. 1/f fluctuations in the conductance
have been observed in the low-frequency part of the spectrum (10™ to 10’ Hz) in most

conducting materials and a wide variety of semiconductor devices [136-139].

There are essentially two physical mechanisms behind any fluctuations in the current:
carrier number fluctuations and mobility fluctuations. Generation-recombination noise
from a large number of traps (number fluctuations) can produce 1/f noise if the time

constant of traps are distributed as [140]:

1

In (t5/71) fort; < T < 1y, g(r) = 0 otherwise. (5.2)

g(@) =

Some remarks are necessary about the addition of g-r noise spectra. First, it is assumed
that the g-r noise from the traps can simply be added. This is true if the traps are isolated
and do not interact [141]. Secondly, the traps are assumed to couple in the same way to

the output current.

The other mechanism that can give 1/f noise is mobility fluctuations. It was first
described by Hooge with the following empirical formula for the resistance fluctuations
[142]:

SR _ a_H
= (5.3)
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The dimensionless parameter a, referred to as the Hooge parameter, was first suggested
to be constant and equal to 2x107, Later, it was found that a;; depends on the crystal
quality. In the case of oxide-based RRAM device, it is believed that low frequency noise
is attributed to carrier number fluctuation caused by trapping / de-trapping from defects

in the oxide.

5.5 LFN analysis on oxide-based RRAM cell

Noise measurement is carried out on the three different states, fresh, HRS and LRS, and
current normalized power spectral density (PSD) is plotted in Figure 5.9 under different
bias conditions. It is seen that for all three states, PSD slopes are close to 1, which
confirms the 1/f noise nature for the oxide-based RRAM devices. It can also be seen from
the figure that the noise PSD is independent of bias conditions, which means it is an

intrinsic characteristic of the current conduction.
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Bias of up to 0.5V is applied on LRS during noise measurement. This is to avoid further
breakdown of the device (usually not recoverable), as for LRS it may reach compliance
current (ImA) at a low voltage of around 0.6-0.7V. If the voltage bias is increased for
noise measurement without compliance, it will cause further breakdown damage to the
device as shown in the figure below. For this concern, only up to 0.5V biasing is used for

noise measurement on scaling effect.

8 ; : .
7F . .
_ Further resistance drop
< [ without current compliance
Es
whd L
S 4
S L
| S
S 3
o |
2
1
0 A ] ] A
0.0 0.5 1.0 1.5

Voltage (V)
Figure 5.10 lllustration of breakdown of RRAM device applying large voltage bias without current

compliance

LFN analysis of devices with different areas is compared in all three states - fresh, HRS

and LRS in the following.
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Figure 5.11 (a) Measured noise PSD of the fresh state for devices L10 to L100. (b) Area

normalization on fresh PSD spectrum results in a similar noise level for all devices.

Figure 5.11 is the PSD spectrum of the fresh state for devices L10 to L100. It is seen that

in Figure 5.11 (a) noise PSD scales reciprocally with the area (similar to the observation
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in CMOS devices). To compare L10 with L100, a PSD level difference of around two
orders of magnitude is observed. However, after normalizing with the device area, the

four PSD curves fall into a similar level, as illustrated in Figure 5.11 (b).
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Figure 5.12 (a) Measured noise PSD of the HRS state for devices L10 to L100. (b) Area normalization

on HRS PSD spectrum results in a similar noise level for all devices.

98



Chapter 5 Current Conduction Mechanism Investigation in
Oxide-Based RRAM

Similar to that of fresh state, the HRS noise spectrum also shows a device area scaling
effect as plotted in Figure 5.12 (a). Normalized current noise spectrum of L10 and L100
differs in about two orders. By multiplying the device area, all four PSD falls into a
similar level as shown in Figure 5.12 (b). It is worth noting that the PSD for the HRS is at
a slightly higher level than that of fresh state. One possible reason may be the effect of

some residual tiny filament fragments formed during resistive switching cycles.

. = L10
¥ e 120

10 100 1000 10000
Frequency (Hz)

Figure 5.13 (a) Measured noise PSD of LRS state for device L10 to L100.

Unlike fresh or HRS, LRS current conduction is localized within the conduction filament.
Thus, the LFN spectrum is expected to be independent of device areas. LFN study on
devices with different areas is compared in Figure 5.13. It is can be seen that LFN PSD is
similar for all four devices with various areas, which is consistent with the localized

current conduction model in LRS.
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5.6 Noise fluctuation model for LRS

It is commonly believed that the LRS conduction is due to the formation of filament
involving oxygen vacancy related defects, although the “real” configuration of the
conduction filament remains unclear [15, 62]. The localized current conduction in our
device is confirmed by both DC current characteristics and LFN measurements.
Therefore, the LFN in LRS can be modeled as a tiny filament or a nanowire as depicted
in Figure 5.14. In this model, it is assumed that the LFN is produced by
trapping/detrapping of electrons into/from traps surrounding the conduction nanowire
[143]. Therefore, the traps are necessarily located in the dielectric surrounding the
nanowire, that is the interface traps in HfO,. In this figure, L is the length of the filament,
which is the thickness of the sample, r is the radius of the conduction filament, and, the
interface trap region that will affect the conduction current is indicated by the outer shell
around the filament. Carriers in the conduction filament moving into and out of traps
surrounding the isolated nanowire should give rise to fluctuation in the LRS conductance

and, so, in LRS current.
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Figure 5.14 Schematic of filament conduction noise model for LRS, the outer shell indicates interface

trap region that will affect the conduction current

With this configuration of an isolated nanowire surrounded by a dielectric, the
normalized noise PSD in the LRS can be expressed in terms of the carrier number

fluctuation theory [144]:

St SN Nt KT2mrL
2od 2N _ Tur Ao (54)
12 N2 N2f

where N;; is the interface trap density in HfOx and N is the total carrier number in the
filament with a carrier concentration ny, and N = nymr2L. Substituting carrier number

expression into the above equation gives:

S; _ SN __ 2Ny kT
12 N2 Lrr3ng?f

(5.5)
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Given an approximate filament radius of 5 to 10nm [143] and an empirical interface trap

density in HfO, of 10'° to 10*'cmeV* [145], the carrier concentration in the filament is
plotted in Figure 5.15.

1x1d’1$—— —
[

L3
Carrier Density(cm )

Figure 5.15 Calculated carrier concentration with commonly accepted parameter values of filament

radius (5nm to 10nm) and interface trap density (10'° to 10" 'cm™eV™) at room temperature.

It can be seen that the carrier concentration is estimated to be around 10%° cm™. This

carrier concentration corresponds to a metallic type of filament conduction, in good

agreement with previous findings[112].

Other than carrier concentration estimation, the conductance of the filament can be
roughly written as:

2
NoUmTr
G:q ol

; (5.6)
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Take a few commonly accepted values to substitute into the equation, it gives an
estimation on the carrier number and mobility:

e N; = 10%m™3,r =3nm =» ny = 3.548 X 102°cm™3, u = 168.2cm?/V - s
e N; = 10%m™3,r = 5nm = ny = 1.649 X 102°cm™3, u = 130.3cm?/V - s
e Ny = 10"em™3,r =3nm > ny = 1.122 X 102 cm™3, u = 53.2cm?/V - s
e Ny, = 10"em™3,r=5nm > ny =5214x102%cm™3, u=41.2cm?/V s

If it is assumed to be a pure Hf metal filament inside, it takes p = 33.1u€ - cm and with

an approximate LRS resistance of 400Q, it gives the radius of filament:

R = p% = 7:;:2 = 7r =1.623nm (5.7)

and assume electron concentration is equal to atom density of Hf metal, it gives m, =
4.489 x 10%2¢m™3. With these values, and expression of noise, trap concentration in
HfO, is calculated as 2.545 x 10%*c¢m™3. This value is not in a reasonable range and also
the radius would be too small [143, 146-147]. It suggests a filament that is not pure Hf
metal, it might be certain kind of oxygen deficient oxides which is highly conductive as

reported in the literature [15].

5.7 Current conduction model for filament type RS cell

During DC resistive switching measurement, by properly controlling the reset stop

voltage, different resistance levels could be achieved as illustrated in Figure 5.16.
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Figure 5.16 Multi-level resistive switching in oxide-based RRAM device produced by different reset

stop voltage. More levels could be achieved by carefully control measurement conditions

It is commonly accepted that for HfOx based RRAM, resistive switching is caused by
oxygen vacancies related conductive filament (CF) formation and rupture as discussed in
the previous chapters [16, 115]. Figure 5.17 is the schematic representation of resistance
evolution from high conductive LRS to highly resistive HRS in the filament type
switching device. It also illustrates intermediate resistance levels formed by reduction of
filament size or partial rupture of filament. With this configuration, current conduction in
the cell can be modeled into two parts. One is the highly conductive filament region; the

other is the uniform leakage oxide region. The total resistance of the device is the parallel
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combination of the filament resistance Rg and the uniform resistance Ry and can be

expressed as:

1 1.
R=(-+2) or G, =G, +G, (5.8)

Y

A
C

:

HRS mm R

[3 . . .
‘ "-’:e “| Highly conductive region Uniform leakage region

Figure 5.17 Schematic illustration of resistance change in the memory cell. Between highly
conductive LRS (top left) and highly resistive HRS (bottom left), there are intermediate resistance

levels caused by reduced or partial ruptured conduction filament.

When the CF is formed, R will be much smaller than Ry, total resistance equals nearly to
Re. Thinning or partial rupture of conductive filament reduces the filament conductivity
and gives rise to the total resistance which will in turn result in intermediate resistance
levels. When the CF is totally ruptured, device resistance approaches to the value of
uniform oxide resistance Ry and the amplitude of leakage current is proportional to

device area.
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Figure 5.18 Normalized LFN power spectral density measured at different resistance states from a

set of five L10 devices.

This conduction model is supported with LFN analysis by measuring power spectral
density (PSD) at different resistance states. Typical 1/f noise is observed in such devices
without noticeable electrical bias dependence [148]. In the low resistance regime, the CF
is formed and current conduction as well as LFN behavior is dominated by this highly
conductive region, which varies with changing resistance. When the filament vanishes,
the total resistance increases and the uniform conduction oxide region contributes more
and more. Thus, noise behavior will be dominated by Ry, which is approximately a
constant value. It can been seen from Figure 5.18 that at low resistance values,
normalized PSD level increases with higher resistance; however, after the device

resistance reaches a certain value, the noise spectrum is relatively constant for all the
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resistance values above that. To better observe this trend, normalized PSD is plotted

versus device resistance in Figure 5.19.
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Figure 5.19 (a) PSD versus resistance plot of L10 device at 100Hz and model fitting. (b) Model fitting

of PSD versus resistance plot at different frequencies
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This noise spectrum trend can be explained like this: in the low resistance regime, CF is
formed and current conduction as well as LFN behavior is dominated by this highly
conductive region, which varies with changing resistance; as filament starts vanishing,
total resistance increases and the uniform conduction oxide region contributes more and
more, noise behavior will be dominated by Ry, which is approximately a constant value.

Start from Equ. (5.8), the following can be derived:

K, =G + 05 (5.9)
Then the LFN PSD can be expressed as:
Sq, = e, * 3, (5.10)
SGt SGF GF2 SGU C;Uz
2T A 2 A T XA
G, G G, G,” G, (5.11)
S| _ SGt _ SRt _ SRF th SRU th
I_z T A2 52 7o 2+ 2 2
ie. G R RTRT RTR (5.12)
Seen from (5.12), at low R;, Ru>>Rp, so R; ~#Rg and
S Sk
RERe (5.13)
At high R, Re>>Ry, so R; ~ Ry, and
h ~ SA
RERS (5.14)

So the overall noise can also be approximated as:
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(5.15)

It should be noted here for resistance approximations, Ry>>Rgr means Ry should be at
least 10 times of the value of Rg. Moreover, it assumes that at low R;, Ru>>Rg, which is
only true when device area is much larger than conductive filament size (this is the case
in this study with device dimension in micrometers). If cell scales down to nanometer
range, this approximation may not hold. And also to assume a uniform leakage oxide for
high resistance, it requires a nearly complete recovery of conductive filament to give a

high resistance close to that of fresh resistance.

In Figure 5.19 (a), normalized noise PSD S/1? of device L10 at 100Hz versus resistance
R is plotted and fitted with approximation Equ. (5.15). It is seen that in the low resistance
regime, S/1? increases as a power law of resistance while keeps nearly constant at high

resistance regime. As so, Equ. (5.12) can be re-written as:

—_ e = = +_

S| SGt SRt _i. th BU . th
|2 GtZ RtZ .I: RFZ .I: RUZ

(5.16)

where PSD expression A for filament noise varies as R

according to the fitting and
PSD expression By for uniform leakage oxide is at constant noise level of around 8x10®
/Hz at 100Hz. This power variation relationship has also been reported similarly in the

literature by S. B. Lee, et. al. [131]. It is presented in the letter that according to

percolation theory: SR /R? « RY at p > p., where p, is the percolation threshold. And
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the w value measured in their work is 1.8 + 0.3, which is related to the current
distribution in the percolation network. In addition to that, Joule heating and associated
thermal dissipation processes as well as possible movement of ions may also affect the

current flow [131].

Based on these values, normalized PSD at different frequencies are also plotted and fitted
in Figure 5.19 (b) at four frequency points of a set of devices with approximation
equation, it fits all fours lines quite well. Of course, there is some scattering of data points
around the fitted line, likely due to experimental uncertainties or to variability related to

oxygen vacancy defects which are hard to control.

Since in the low resistance regime conduction is mainly from the CF, noise spectrum will
depends on the properties of the CF rather than the device area. On the other hand, the
high resistance noise is mainly related to the area of the device. To explicitly include the
area dependence of LFN model, the expression for overall noise PSD can be modified as

follows:

S _Sa_Su_A R K, R
|2 GZ R2 .I:' 2 WLf'RZ
t U

F

(5.17)

where Ky is the PSD expression for uniform leakage oxide without area effect, W is the

width and L is the length of the device area.
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To verify this expression, PSD of four different device areas are measured on L10, L20,

L50 and L100, respectively. As can be seen from Figure 5.20, the model accounts very

well for both variations of noise PSD with different resistance states and device areas,

emphasizing the physical consistency of this approach.
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Figure 5.20 Normalized noise versus resistance plot of devices with four different areas and model

fitting

5.8 Summary

Current conduction mechanism in oxide-based RRAM device has been investigated with

DC measurement and LFN analysis in this chapter. It is confirmed that for LRS, current

conduction is localized without area dependence, whereas, for HRS, uniform leakage
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current scales with device area. Moreover, LFN analysis has been implemented on the
HfO,x based RRAM devices with different resistance levels to investigate the current
conduction mechanism. It is found that the cell could be treated as two parallel
resistances of conductive filament and uniform leakage oxide. In the low resistance
regime, the filament resistance dominates current conduction as well as LFN behavior,
where noise PSD varies to the power of the filament resistance. While in the high
resistance regime, the uniform oxide dominates, which results in a roughly constant noise

level.

Based on the analysis, an ungated nanowire or filament conduction fluctuation noise
model has been proposed for LRS, allowing estimation of filament carrier concentration
that is found to be in a reasonable metallic conduction range. Further, a noise model is
proposed for this type of switching cell, and the simulated curve fits experimental data

quite well.
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Chapter 6 Oxide-Based RRAM Device
Performance Improvement by Material

Optimization

6.1 Introduction

As one of the most promising next generation nonvolatile memory candidates to replace
transistor-based flash memory, resistive random access memory (RRAM) has been
extensively studied since 1990s owing to its high scalability, fast switching speed and
ease of fabrication [9, 43]. One of the transition metal oxides, HfOy, has recently been
reported with high performance for resistive switching [8] and its switching mechanism
has been attributed to a model based on the local conduction filament [16, 115]. Despite
recent advancements in the performance of RRAM devices, for aiming at mass
production one of the most challenging tasks is to address the concern of the broad
dispersion of switching parameters (i.e. uniformity on cycle to cycle within one device,
and device to device) that are generally observed in the RRAM cells. The non-uniform
device parameters (including set voltage, reset voltage / current and on & off state
resistance), which is believed to be mainly due to the randomness of local filament
formation and rupture, shall negatively affect the programming / erasing or read
operation of the RRAM cells, and make them un-repeatable. On the other hand, for the

reported high performance RRAM devices, a forming process [62] is generally required
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to initialize the switching behavior, which might add complexity to the RRAM circuit

operation due to the high voltage needed for forming.

To tackle these concerns on the device uniformity, several methodologies have been
reported, including ion doping or using different material stacks [11-13, 30, 59]. In this
chapter, a forming free RRAM cell with significantly improved uniformity as compared
to the reported literatures, achieved using HfO,/TiOx multilayer (ML) dielectrics as the
switching material is discussed. Both Ti doping into HfO, effect and the confinement of
conduction filament between multi-layers are believed to be responsible for the

improvement.

6.2 Design of experiment

Same as previous chapters, HfOx based RRAM devices are used in this study. 20 nm Ti
adhesion layer and 50 nm Pt bottom electrode are first deposited on 8-inch silicon
substrate by electron beam evaporation. Then, ~ 4 nm HfOy is deposited by reactive
sputtering in argon and oxygen ambient, ~ 2 nm of TiOy is prepared by oxidation of Ti
film. These two processes are repeated to produce the final four-layer oxide structure of
HfOx / TiOy / HfOx / TiOy. After 50 nm TiN top electrode is deposited with reactive
sputtering and patterned with traditional lithography, dry etch is done to finish the square-
shape devices. The control sample of single layer (SL) oxide is in the meanwhile

prepared with 10 nm reactive sputtering HfO, and keeping all other processes the same.
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HfO, Single Layer
K—H

TEM

Figure 6.1 High resolution TEM pictures of (a) single layer device, revealing an oxide thickness of
10nm (b) multilayer device indicating four layers of oxides between top and bottom electrodes and a

total dielectric thickness of around 10 to 12nm.
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Micro morphologies are studied with high resolution cross-sectional transmission
electron microscopy (TEM) for both single layer control device and multilayer device in
Figure 6.1. In the control device TEM picture Figure 6.1 (a), shows an oxide thickness of
10nm, which is commonly used in this work. While for the multilayer device in Figure
6.1 (b), it reveals four layers of oxides between top and bottom electrodes with a total
thickness of around 10 to 12nm. It is slightly thicker than the control device, which is due

to the consideration that TiO, is more conductive than HfO,.
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Figure 6.2 EDX spatial profile of multilayer device. Two Hf and O peaks and two Ti peaks with one
merging into TiN electrode signal observed, indicating four layers of oxides sandwiched in between

electrodes.

To get further information on the multilayer oxide composition, energy-dispersive X-ray

(EDX) spatial profile is presented in Figure 6.2. It can be seen that between Pt (black line
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with square symbols) and TiN electrodes (red line with round symbols), there are two
peaks of Hf and O, and also there are two peaks of Ti, while the right one merges with Ti
signal from electrode TiN. These peaks indicating two layers of HfOx and TiOy placed

alternatively between two electrodes.

6.3 Forming free in multilayer device

It is believed that the sandwiched TiOy layers may serve three-fold purposes: Firstly the
TiOy layers may attract oxygen from HfOy layers during fabrication process, so to create
oxygen vacancies related defects [149] within the dielectric. This is possibly the reason
that makes the device forming free as discussed later. Secondly, during resistive
switching, the TiOx layers may also serve as oxygen reservoir to recover conduction
filament created by set process. Thirdly, Ti may also diffuse into HfO as the doping
atoms to stabilize the filament formation [111]. Electrical characterization of memory
devices used to present the performance improvement are carried out using Keithley 4200

SCS and the data collected are mainly from 100 pm? devices.
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Figure 6.3 (a) Forming and set / reset process for single layer HfO, control device. The conductive
paths need to be formed before bipolar resistive switching cycles. The forming voltage is as large as
1.95V, which is about 0.5V larger than that of set voltage. (b) Initial set / reset process in multilayer

device. No forming is needed for such devices. The voltage of first forming sweep is similar to the
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following set voltage and fresh resistance is also similar to that of HRS state.
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Figure 6.3 (a) illustrates the typical forming, set and reset process of the SL device. As
the fresh resistance is usually much higher than that of reset HRS state, it requires a
forming voltage larger than set voltage to initiate bipolar resistive switching. In the case
of the device plotted in this figure, the forming voltage is about 0.5V larger than set
voltage. However, in the ML device of Figure 6.3 (b), it is seen that the HRS resistance is
comparable to the fresh state without electrical forming. Moreover, the first set voltage or
so-called forming voltage is also comparable to or sometimes even lower than the
subsequent set voltage (data not shown here). Combine these points, it means the
conventional forming process is not necessary for such ML devices. As stated earlier, this
may be attributed to the defects created by Ti attraction of oxygen, which increases the
leakage current in fresh state that gives an effectively lower resistance, making it closer

to HRS state. Hence in such a manner, their breakdown voltages become similar.

Statistical data of the forming voltage for the SL device and first set voltage for the ML
device are shown in Figure 6.4. As can be seen from the figure, there is an average
difference of 0.3V to 0.5V between the SL and ML devices. The average set voltage of
the SL and ML devices are comparable, while the first set transition voltage as well as the

fresh resistance of ML are lower than those of SL devices.
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Figure 6.4 Distribution of forming voltage for SL device and first set voltage for ML device, which

shows and average difference of 0.3 to 0.5V.

6.3 Uniformity improvement of operation parameters in both

cycle to cycle and device to device regime

As mentioned in the previous part of this chapter, TiOy layers inserted in the dielectric
serves as oxygen reservoirs for the reset process and Ti ions also attribute to doping
effect of stabilizing conductive filament formation [7]. Two layers of HfOx can also
confine filament formation during set process [150]. Combine these effects, the resistive
switching of ML device is expected to be much better controlled than SL. In this part,
operation parameters are compared for SL and ML from both cycle to cycle and device to

device to demonstrate uniformity improvement in the ML devices.
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Figure 6.5 Operation parameter comparison of 500 DC switching cycles from a single device. (a) Set
voltage of SL and ML device, showing a similar distribution profile and range, with standard
deviation improvement from 0.19 in SL to 0.14 in ML device. (b) Reset voltage distribution, obvious

improvement can be seen in ML device, and standard deviation reduces from 0.41 to 0.12.
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Single device resistive switching voltage of 500 DC cycles for both SL and ML based
devices are compared in Figure 6.5. It is seen that for set voltage distribution, there is no
significant difference between the SL and ML structure for a single device. The average
set voltage is 1.47V for SL and 1.42V for ML, with standard deviation improvement
from 0.18 in SL to 0.14 in ML. Since the reset process of bipolar switching is usually
gradual, in contrast to the abrupt transition of the set process, the voltage at which
resistance reaches a critical level (eg. 20kQ in this work) is defined as reset voltage here.
In Figure 6.5 (b), an improvement of more than two times in reset voltage distribution

can be seen for ML device; the standard deviation reduces from 0.41 in SL to 0.12 in ML

structure.
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Figure 6.6 Resistance distributions of 500 DC cycles from one device each of SL and ML structure.
Inset is the LRS / HRS resistance versus cycle number plot. HRS distribution of around two orders

in SL reduces to only about two times in ML device.
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In Figure 6.6, the on / off resistance distributions from 500 DC switching cycles is plotted.
HRS distribution within two times of variation is achieved in the ML device compared to
that of around two orders in the SL device. The LRS distribution is similar for both
devices, which is usually limited by compliance current. It is worth noting that some of
SL LRS resistance values (red circle symbol) reach compliance current at reading voltage,
this means the actual resistance is smaller than those plotted in the figure, which will
make the LRS distribution a bit larger. The inset of this figure is the resistance versus
cycle number plot. For both the SL and ML devices, there is no severe degradation of

memory window after 500 switching cycles.

To further characterize the device to device variation of the two structures (SL and ML),
100 switching cycles from 10 randomly selected devices on the 8-inch wafer are
summarized in Figure 6.7. For the floating box chart, the top and bottom whiskers
indicate 90% and 10% distribution respectively and the box represents 75% to 25% range.
50% point is indicated as the bar inside the box and the mean value is represented as the
dot inside the box. Though the set voltage distribution for one single device is similar for
two structures as presented in Figure 6.5 (a), device to device dispersion is improved
from ~1 V in SL devices to ~0.4 V in ML devices. Similarly, as shown in Figure 6.7 (b),
the device to device reset voltage variation reduced to more than a half for ML devices

(from~12Vto~04V).
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Figure 6.7 (a) Set voltage distribution (b) Reset voltage distribution of 100 switching cycles of 10

devices selected on an 8 inch wafer. For floating box chart, the top and bottom whiskers indicate 90%
and 10% distribution and the box represents 75% to 25% range. 50% point is indicated as the bar

inside the box and the mean value is represented as the dot inside the box
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Figure 6.8 Maximum reset current of 100 switching cycles from 10 devices each from SL and ML
structures. Compare to SL, ML device shows a tighter reset current distribution as well as lower

amplitude.

Besides transition voltage, reset current is also one of the important parameters to
evaluate device performance in RRAM as it is directly related to the power consumption,
which is a major concern in integrated circuit chips nowadays [151-152]. In Figure 6.8,
maximum reset current is also plotted for 100 switching cycles from 10 devices each with
SL and ML structures. Current as high as 10mA can be seen in SL device and the median
value is about 1ImA. However, in ML device, the maximum reset current median value
drops to around 2004A, this may be attributed to the Ti assisted filament recovery during
reset process. It is reported that reset current might be reduced with lower compliance

current to a certain level, however, it does not work well here. This can be probably
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attributed to the parasitic capacitance discharging during set process current overshoot

[101, 106].
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Figure 6.9 HRS / LRS resistance distribution of 100 switching cycles from 10 devices each with SL
and ML structures. LRS distribution is similar, while HRS distribution reduces from more than two

orders in SL to only about three times for 10 devices in ML structure.

HRS and LRS resistance probability is also plotted in Figure 6.9. Similar to the single
device, LRS distribution is close for SL and ML. However, HRS resistance distributions
for ML are much more compact than SL. Dispersion of more than two orders in SL

reduces to only about three times in 10 devices with ML structure.

Although electrical measurement is mainly carried out in DC bias conditions, short

electrical pulse is also used to test the switching speed of the fabricated device as shown
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in Figure 6.10. An increasing trend can be seen in the amplitude of voltage with reducing
of pulse width. Switching speed as fast as 5ns has been demonstrated in multilayer

RRAM device with set voltage at +2.1V and reset voltage at -3V.
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Figure 6.10 Electric pulse switching of multilayer RRAM device. It shows an increasing trend in
voltage amplitude as pulse width reduced. Switching speed as fast as 5ns has been demonstrated with

set voltage of +2.1V and reset voltage of -3V.

As discussed previously, formation and rupture of local conduction filament with the
assistance of REDOX reaction is widely accepted to explain the bipolar resistive
switching behavior [15]. In the ML structure reported in this work, during the formation
of TiOy layer, the TiOy attracts oxygen from HfO, to create oxygen vacancy related

defects that weakens the strength of the dielectric [69], which leads to the reduction of the
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resistance of fresh oxide and the first switching voltage (forming), as compared to the SL
HfO4 based devices. In the meanwhile, Ti may diffuse into HfOx to serve as dopants,
which may result in a lower oxygen vacancies formation energy [111]. During reset
process, this thin TiOy layer may serve as oxygen reservoir to recover the conductive path,
which makes the process more effective. In addition, confinement of filament between
two HfOx layers may also contribute to the improvement of the switching parameter

dispersions [150].

6.4 Chemical insight of forming free behavior in multilayer

device

In the filament type resistive switching memory cell, usually an initial forming process is
required to form a percolation path as conductive filament in the oxide to enable
subsequent bipolar / unipolar switching. For a virgin oxide, this voltage can be very high
that may cause permanent breakdown of dielectric or affect endurance of the memory cell.
Moreover, an extra step is needed before memory chip operation; it adds complexity to
the peripheral circuit design. Therefore, it is desirable if the forming and successive set
voltages are similar and low in amplitude for stable RRAM operations. HfOy / TiOy
multilayer device has shown such lowered forming voltage and highly uniform electrical
behavior, and hence, an in-depth physical analysis is carried out to probe the chemical
origin of multilayer forming free RRAM device together with X. Wu et al. [153].

Advanced nano-scale characterization tool such as TEM along with electron energy loss
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spectroscopy (EELS) is used to characterize the physical properties of the multilayer
device cell. These findings may shed light on the future memory cell design for mass

production of RRAM.
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Figure 6.11 EELS results of the fresh multilayer oxides RRAM device, showing N K-edge at 401eV,
Ti L3p-edge at 453eV, as well as O K-edge at 532eV. The sharp rise of Ti L3, edge can been seen in
every oxide layer, indicating Ti diffused into both HfO, layers. The point to point distance is 3.0 A in
the EELS line scan. N K-edge can be clearly observed in the TiN top electrode layer, while no signal
in the multiple oxide layers. Oxygen atoms counts clearly show up in every oxide layer, while zero

count in the TiN top electrode layer. [153]
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To investigate the elemental distribution information in the multilayer RRAM device,
EELS measurements are performed using an FEI Titan TEM, operated at 300 kV in
scanning TEM (STEM) mode. The STEM probe size is set to be approximately 1.3 A in
diameter, and the point-to-point distance is 3.0 A in the line scan. Figure 6.11 shows the
EELS results of the N K-edge, Ti L3 ,-edge, as well as the O K-edge on a fresh multilayer
RRAM device. The N K-edge can be clearly observed in the TiN TE layer, while no such
signal exists in the multiple oxide layers. Oxygen signal clearly shows up in every oxide
layer, while zero O-count exists in the TiN TE layer. The key observation is that a sharp
rise in the Ti Ls,-edge is seen in every oxide layer, indicating that the Ti ions actually
diffused / migrated into both the HfOy layers. It has been reported that implanted Ti ions
can improve resistive switching properties in ZrO,-based RRAM device [154]. TiO layer

in this study may produce similar effects by aforementioned doping and oxygen attraction.

Figure 6.12 illustrates the energy-loss near-edge structure (ELNES) at the TiN TE layer,
the first TiOy / HfO layer, and the second TiOy / HfO layer, for the same region shown
previously in Figure 6.11. Note that the ELNES is commonly used to elucidate the
bonding and localized electronic structure; in this approach, the detailed shape of the
EELS edge is studied, as it is a function of the local density of electron states [155-157].
In general, the L3, edges of the 3d transition metal contains information about the
valence state, coordination and site symmetry of the central atom. The L3 edge originates
from electron transitions from the inner 2ps, orbitals to empty 3d orbitals of the metal

and the L, edge originates from 2p;;, — 3d electron transitions. The relative intensity and

energy position of these L3 and L, lines are strongly dependent on the d-band occupancy
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and therefore on the valence state of the transition element [155-156]. In the case of Ti
compounds, the near-edge structures found in the L3, edges mainly reflect the covalent
bonding states resulting from direct and/or indirect interactions between Ti and
surrounding atoms. It will be shown here how the chemical bonding and site symmetry of

the Ti and O and the valence state of titanium influence the shape of the Ti L3 .

T J T . T
- 10 - Tl L3 : ‘\TI L2 -1
ﬂ \
c
5 o8t
)
Q
g
w 06}
I=
=2
3
> 0.4
e —— Ti counts in TiN
g 02  F |- Ti counts in 1st HfOx layer | -
- ~----- Ti counts in 2nd HfOx layer
OO L | 1 | I 1 L
450 455 460 465 470

Energy loss (eV)

Figure 6.12 Energy-loss near-edge structure (ELNES) of the TiN top electrode, first HfO, layer, and
second HfO, layer shown in Figure 6.11, respectively. The different Ti states are labeled. The peak
shifts towards a lower energy which indicates a change of the Ti ionic state. Ti in both HfO, layers

show the same onset slope shift which is ~ 1eV. [153]

In this figure, for the TiN TE in all the measured samples, the Ti Ls-edge onset is at
453eV. In both HfO layers, a shift of the L, line to higher energy by 1.0eV is clearly
visible for the EELS spectra taken from the particle edge with also an increase in L3 line
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intensity. Based on these findings, Ti in the HfO has a higher valence state than Ti in the
TiN gate. It also reveals an increase from Ti*" to Ti**. Ti atoms here attract electrons
rather than losing electrons. When an oxygen vacancy is formed, it is electron depleted
and can easily trap electrons [16]. Hence, Ti prefers to diffuse into oxygen vacancy rather
than hafnium vacancy. This Ti-guided conductive filament growth along oxygen vacancy
reduces the randomness of the filament formation and rupture process, leading to

improvement of stability and uniformity of RRAM device [153].

6.5 Summary

In this chapter, forming free RRAM cells with HfO./TiO,/HfO,/TiOy multilayer structure
is demonstrated. The resistive switching uniformity is significantly improved (both cycle-
to-cycle uniformity in one device and device-to-device uniformity). Compact set / reset
voltage distribution, reduced reset current as well as tight HRS resistance distribution in

500 cycles for a single device and 100 cycles for ten devices is achieved.

Physical analysis using TEM-EELS has been carried out on such device, it suggests that
Ti diffusion into HfOy is the chemical origin for the observed forming free behavior. And
a combination of Ti-guided filament formation in HfO4 and confinement of filament

between layers is attributed to the suppression of parameter dispersion.
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Chapter 7 Conclusion and Recommendations

7.1 Conclusion

High performance RRAM device has been demonstrated in this work with binary
transition metal oxide as switching layer. The resistive switching mechanism can be
described in terms of formation and rupture of oxygen vacancies related conductive
filament. Temperature effect on switching is studies, with elevated temperature, set and
reset voltages decreases due to higher oxygen ion mobility and lowered defects formation
energy barrier. More than that, trap-assist tunneling current increases at high temperature,
which results in a smaller memory window due to higher leakage current of HRS. In
terms of retention, temperature plays a more critical role than voltage bias from biased
temperature instability test. By proper control operation conditions, multi-level resistance
switching can be achieved to enable multi-bit storage in a cell. However, it is worth

noting that at high temperature, this might be affected due to higher leakage at HRS.

To get a clear picture of current conduction mechanism in different states, which is
important to understand the oxide-based RRAM switching properties and power
consumption, both DC and low frequency noise analysis is implemented. It is confirmed
that for low resistance state, current conduction is localized without area dependence,
whereas, for fully recovered high resistance state, uniform leakage current scales with
device area. The current conduction in the cell could be treated as two parallel resistances
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of conduction filament and uniform leakage oxide. In the low resistance regime, filament
resistance dominates current conduction as well as LFN behavior, which varies to the
power of filament resistance. While in the high resistance regime, uniform oxide
dominates, which results in a roughly constant noise level. Based on this, a noise model is
propose for this type of switching cell, and the prediction curve fits experimental data
quite well. Further, a filament conduction noise model has proposed for LRS, allowing

estimation of filament carrier concentration found in the metallic range.

Based on the understanding of switching mechanism and current conduction, device with
multilayer structure is used to tackle the uniformity issue faced in RRAM device
operation. Compared to single layer control device, resistive switching uniformity has
been significantly improved in HfOy / TiOy / HfOx / TiOx multilayer structure for both
cycle-to-cycle uniformity in one device and device-to-device. Compact set / reset voltage
distribution, reduced reset current as well as tight HRS resistance distribution in 500
cycles for a single device and 100 cycles in ten devices are achieved. Further to that,
fresh resistance in such multilayer device is dragged down to the level of HRS during
switching, and forming voltage is similar to that of set, in another way of saying these
devices are forming free. Physical analysis using TEM-EELS is carried out to probe the
chemical origin of multilayer forming free device. It is suggest that doping effect of Ti
diffused in HfO4 and confinement of filament between multilayer oxides leads to the

improvement in stability and uniformity of multilayer device.
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7.2 Recommendations and Future Work

In spite of the research work presented here, there are still many open questions about the

resistive switching behavior in HfOy or oxide-based RRAM device.

From the theoretical point of view, the actual switching mechanism is still not fully
understood. As mentioned in this thesis, oxygen vacancies play an important role in the
filament switching; local redox reaction is involved during resistance change. The
detailed chemical process should be clarified for further study. The physical properties of
HfO as the main switching layer are also important. For example, the oxygen diffusivity,
the electron mobility, etc., should be evaluated to describe the resistive switching
precisely and thereafter to build proper model that can serve as guidance for memory

construction.

The nature of conduction paths in HfO should be clarified for better understanding of
current conduction in oxide-based RRAM. There are two possible approaches. One way
is to fabricate device with ultra small dimensions down to a few tens to a few nanometers
range. With in-situ TEM biasing, it may reveal the microscopic structure change when
resistive switching happens. Together with EELS analysis on different states during TEM
observation, it may provide detailed chemical information to facilitate understanding of
resistance switching process. Another approach is by utilizing X-ray photoelectron
spectroscopy or Raman spectroscopy with very small incident beam diameter. Due to the

interference by the signals from surrounding oxide, conventional spectroscopy is difficult
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to obtain the information of the localized conduction filament. Nanometer-resolution
spectroscopy could be helpful to probe directly to the conduction paths to shed light on

the electronic structure.

Besides memory cell study, to aim at ultra-high density nonvolatile memory applications,
several other issues need to be considered. Topics like but not limited to selection device,

stackable integration scheme, reliable electrode contact, etc., would all be research areas

for oxide-based RRAM.
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