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Abstract

HfO, based Resistive Random Access Memory (RRAM) devices have been fabricated by em-
ploying various physical vapor deposition and photolithography techniques. These devices
have exhibited superior switching properties which include high resistance ratio (Ross/Rox
>10°), endurance and retention time. These devices are found to be of forming free type
with uni-polar switching behavior. HfO; films deposited by RF sputtering and HfO, films
deposited by e-beam evaporation have been employed as active layers. The influence of
various metal electrodes on the performance of these RRAM devices has been investigated.
Further, the effects of thermal annealing, gamma irradiation and swift heavy ion (SHI) ir-
radiation on the switching properties of these devices have been studied in detail. As ex-
pected, thermal annealing has introduced monoclinic phase in otherwise amorphous films.
SET and RESET voltages are found to increase with increase in annealing temperature for
HfOy films. Gamma irradiation deteriorated the performance of these devices whereas SHI
irradiation has improved their performance below a critical fluence. It is shown that the
spread in the switching voltages is reduced and switching voltages can be lowered by low
fluence SHI irradiation. These results provide useful information to tailor as well as to study
the reliability of these devices in radiation harsh environment. This thesis addresses some
important aspects related to the fabrication, radiation response and reliability of emerging

RRAM devices that are critical for the development of electronics science and technology.






Chapter 1

Introduction and Background

1.1 Introduction and Motivation

Resistive Random Access Memory (RRAM) devices have been identified as potential build-
ing blocks for future Non-volatile Memory (NVM) and reconfigurable hardware devices
[1-3]. RRAMSs have attracted significant attention because of their high-density memory ar-
chitecture [4,5], low power consumption [6,7], faster switching [4] and longer retention time
when compared to conventional NVM devices [8]. These emerging devices are expected
to replace the currently used floating gate devices, in near future [9-11]. Applications of
RRAMs are not limited to data storage devices alone but they may also be used for process-
ing elements such as logic gates [12,13]. “In-memory computation” is envisaged with the
advent of RRAM based digital logic circuits. Based on the nature of switching mechanisms
involved, RRAMs also find applications in neuromorphic systems [14-16]. A natural conse-
quence of the promise shown by RRAM devices is their deployment in space and nuclear
electronics which operate in radiation harsh environments. It is, thus, important to study the
effects of ion irradiation, radiation damage and reliability of these devices. However, such
studies are very limited in literature [13]. The main objective of this thesis has been to fabri-
cate micro-electronic compatible RRAM devices by employing various thin-film deposition

and photolithography techniques and to study their radiation response.

1.2 Introduction to memory technologies

In the present digital world, information is stored in the modern electronic memory devices.
Digital memory has become an integral part of our lives, by being a critical element in the

smart and intelligent devices around us, in the current age of Internet of Things (IOT)[9].
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These memory devices are mainly fabricated by using CMOS based technology. There has
been significant progress in terms of memory capacity, speed, retention time and endurance
as the memory technologies have evolved through punched cards, magnetic memories, op-
tical memories to current solid state memory devices. Inview of their importance and ap-
plications in several areas, memory technology has been at the focus of attention of research
for many years[17]. As a result, over the past few decades, the size and cost of the memory
devices are decreasing as predicted by the Moore’s law [13,18]. As a consequence of these
efforts, different kinds of memory technologies have emerged.

Some major examples of modern memory devices are magnetic memories, optical mem-
ories and CMOS memories[19-21]. In comparison to other memory technologies CMOS
memories are superior in many aspects including memory capacity and ease of access to
data. In CMOS memories, there are different memory technologies based on factors such
as speed, volatility , cost and density. The categories of currently available semiconductor
storage devices are presented in Figure 1.1(a). The CMOS based semiconductor storage de-
vices are mainly categorized based on two factors: (a) the maximum number of times that
they are rewriteable and (b) their retention capacity to store the information over longer
periods [10]. Based on the number of rewritable cycles and access speed, memories can be
divided into RAM and ROM. Information can be read and written multiple times in a RAM
very fast [22]. In contrast, in a ROM, the information can be written only once, but reading
can be done for a multiple number of cycles[4]. Such devices are called EPROM if they are
erasable and reprogrammable. On the other hand, the access speed of ROM is relatively less
than that of RAM. The devices such as Optical, magnetic and flash memories come under
the category of ROM. Based on the second factor, data retention, memory devices can also
be divided into two categories: 1) volatile devices, which lose the data when the power is
switched off and 2) non-volatile devices, which retain the data even after power is switched
off.

Based on the application, the term “memory” in the semiconductor industry is defined
at different levels in the computer memory hierarchy[23]. It consists of three main compo-
nents; cache, main memory and storage memory [24]. The memory hierarchy is given in
the Figure 1.1(b). These three categories were chosen based on the capability /performance
of the available memory components. Among them, cache is an ultrafast memory that is

on chip along with the processor. A specific characteristic low latency of SRAM makes it
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FIGURE 1.1: a) Categorical representation of different types of memory de-
vices, and (b) representation of memory hierarchy.

ideal for cache[21]. However, its low density and volatile nature made the researchers look
for alternative secondary levels in the memory hierarchy [23]. This level of memory is a
low latency level with high density, where a concept of DRAM comes into picture for this
purpose. When compared, the DRAM is not as fast as SRAM, but it provides much higher
density and hence it is cost effective. Meanwhile, SRAM and DRAM are volatile, so one
more level of memory is required to back up the data. Furthermore, here the storage for
memory comes in the next level hierarchy.

As discussed above, to further comparison, the device structures of DRAM, SRAM and
Flash memories are shown in Figure 1.2. DRAM simply consists of 1T1C structure whereas
SRAM has six transistors. The DRAM is denser and slower in writing and erasing the data
than SRAM and needs additional circuitry to refresh the stored data. Similarly, the Flash
memories are also single transistor based memory devices (see in Figure 1.3). and are non-
volatile in nature. However, the CMOS transistor based memory devices have difficulties
for further miniaturization due to physical limits that lead to the excessive leakage current
and short channel effects.

Considering the above-mentioned points, the demand for further improvements in mem-
ory technologies has continued to increase[23]. There is a need and possibility for the
other evolving new memory device technologies to fulfill the current and future require-

ments[5,25].
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FIGURE 1.2: The device structure of a) DRAM, b) SRAM and c) Flash memory.
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FIGURE 1.3: Schematic view of flash memory device structure.
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1.3 Emerging candidates for alternate technologies

Next generation novel memory devices have been extensively researched in recent years.
Some such devices are FeRAM, PCRAM, MRAM and RRAM devices[8]. The FeRAM device
structure is similar to that of a DRAM, i.e. one transistor and one capacitor structure (see
Figure 1.4(a)). The ferroelectric and a linear dielectric material are used for capacitor fabri-
cation for FeRAM and DRAM, respectively. Switching can be achieved in FeRAM by means
of a change in polarization of the ferroelectric by applying a DC bias[8]. The dipoles tend
to align in the direction of the applied electric field. This effect will be observed after the
removal of the applied field so that the reversal in polarization is hysteretic in nature. This
phenomenon can be used in a non-volatile memory device[26]. FeRAM can be operated at
low power and high writing speed compared to flash memories [8].

Similarly, in MRAM the main switching layer is a free magnetic layer and switching
is due to relative magnetization. Basically it has a tri-layer structure, as a thin insulating
tunnelling layer is sandwiched between two magnetic layers, as shown in Figure 1.4(b). One
is with permanent magnet having a specific polarity and the other one is a free magnet.
The magnetization can be varied by applying an external field for the free magnet. Based
on the relative orientation between these two magnetic layers, results in resistance change
as parallel and anti-parallel alignment. The device will be in low resistance state when the
magnetic orientations of the two layers are parallel and in high resistance state when the
orientation is anti-parallel [27].

WL WL

Magnetic
Free Layer

*

Ferro electric

Electrodes
i Tunnel

barrier
Magnetic
fixed layer
T (a) (b)
BL
BL

FIGURE 1.4: Schematic diagram of a) FeERAM and b) MRAM structures.

The MRAM and FeRAM devices are non-volatile in nature and operate at high speeds
with good endurance. However, scaling down FeRAMs is non-trivial and it takes high cur-

rent in the range of mA to program the cell[28]. Similarly, scaling down MRAM devices is
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a challenge and they also require high writing current. Furthermore, PRAM has a phase
changeable material as switching layer[29]. Typically, high chalcogenides are used since
these can be reversible and show transitions between amorphous and crystalline phases
under heating. Mostly in the present scenario, it can be seen/found in rewritable optical
memory discs, e.g. CDs, DVDs and blue-ray DVDs[29]. This can be achieved by heating
with a laser to induce the phase transitions in the material. PRAMs display high operation
speed, good scalability and good endurance[10]. However, PRAMs are known to consume
more power for operation in addition to being temperature sensitive [10]. It is, thus, evident
that there is a strong need for replacing the present memory devices which are facing diffi-
culties for further improvement. Flash Non-volatile memory devices played a crucial role
and have currently dominated memory devices in the market of electronic products.
However, the read and write speeds are very low and operating voltages and/or cur-
rents are high as compared to that of the volatile memories such as SRAM and DRAM.
Memory devices that couple the benefits of both RAM and ROM (high density, high-speed,
low operating voltages/currents and non-volatile memories) have to be produced. In this
prospective, RRAMs have the potential to provide the required benefits such as non-volatility,
high density low cost and high speed. The switching principle for a RRAM is similar to that
of the PRAM. 1T1R forms one memory cell where the transistor acts as a selector for the
memory cell. In recent reports, the selector transistors have been replaced by diodes which
increases the density and complexity of the structure. Attempts to avoid the selector by
varying cross-bar architecture are also reported [28-30]. Resistive switching is shown in
a wide variety of materials ranging from metal oxides,semiconductors, polymers, Chalco-
genides, ceramics etc..,[31]. RRAM devices are more amenable to scaling down than other
emerging memories with higher speed and lower current density to switch between the
states. Owing to these advantages over other memories, RRAMs have a higher potential for
future memory technologies. More details about RRAM devices are given in the following
sections. Figure 1.5 shows the comparison of present and emerging memory devices and

related parameters.
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Traditional Memory Emerging Memory
DRAM SRAM Flash Flash eRAM MRAM PCRAM RRAM
NOR NAND

Feature 36 45 45 16 180 65 45 <5
size (F) (nm)

Read time 2 ns 0.2 ns 15 ns 0.1 ms 40 ns 35 ns 12 ns 1 ns
Write time 2 ns 0.2 ns 1 us 0.1 ms 65 ns 35 ns 100 ns <1 ns
Retention 4 ms n/a >10 yr >10 yr >10 yr >10 yr >10 yr >10 yr
time

Vurite (V) 2.5 1 8-10 15-20 1.3-3.3 1.8 3 <0.5

N reaailN) 1.7 1 4.5 4.5 1.3-3.3 1.8 12 o
Write =10 =" 10 10° 10 1012 10° > 10'2
endurance

Write energy 4x107'*  5x107'¢ 10710 4x1071¢  3x107™  25x107!2 6x107'2 < 10712
(J/bit)

FIGURE 1.5: Comparison of present and emerging memory parameters.
1.4 Memristor

Capacitors, resistors and inductors, discovered in1745, 1827 and 1831 respectively, are the
only known fundamental passive elements for many decades although theory predicts a
fourth element. In 1971, the memristor was proposed as the missing fourth fundamental
circuit element, by Leon Chua [32]. According to Chua, as shown in Figure 1.6, the elements
resistor, capacitor and inductor relate voltage-to-current, voltage-to-charge and current-to-
flux respectively. The Voltage-flux and charge -current can be related without any circuit ele-
ment but there was one missing element for relating charge and flux. Therefore, he proposed
an element which realizes this and named it as memristor[33]. He derived the relationship

given in the equation 1.1

dp = Mdg (1.1)

Where ¢ is flux, q is charge and M is memristance.

As the name suggests the memristor (memory + resistor) may be treated as a storage
element with the units of resistance. The concept of memristor, as a storage resistive ele-
ment, is employed in MRAM, PRAM and RRAM technologies. The storage is obtained by
switching between two stable states as high (off) and low (on) resistance states. However,
the memristor mechanism is not yet fully adopted and RRAM is categorized as a family of

memristors [33].
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FIGURE 1.6: Relation between the four fundamental electronic variables.
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1.5 Resistive Random Access Memory

As mentioned earlier, RRAM is one of the most popular emerging non-volatile memory de-
vices in the current digital world scenario. It has a simple MIM structure. The resistance
levels of the insulating (I) layers play an important role in the resistive switching and mem-
ory storage operation. The schematic of RRAM is shown in Figure 1.7. The resistive switch-
ing behavior of the I film is reversible and switches between two stable resistance states:
these are high resistance state (HRS) and low resistance state (LRS) by application of either
an external dc bias voltage or current. This device remains in the switched or particular
resistance state after removing the supply. It is the key for the non-volatile nature of these
devices. This kind of reversible switching phenomenon was first reported in the late 1960s

[34]. After that in recent times the interest in resistive switching began in the late 1990s.

©®

Voltage or
current source

Switching layer

Bottom electrode

FIGURE 1.7: The schematic view of a RRAM device.

This switching behavior is observed in many of the materials such as perovskite oxides
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of SrTiO3, SrZrO3, binary metal oxides such as NiO, Cu,O, HfO, and TiO,[35,36], organic
materials, semiconductors, ferroelectric materials and ferromagnetic materials. Here, the
mechanism of switching in different materials is entirely dependent on several factors. As
mentioned above, not the only insulating layer but also the choice of metal electrode ma-
terial and their interfacial effects can also influence the switching behavior of the memory
devices. Hence, it is important to adopt an appropriate insulator and the metal electrodes for
the fabrication of the RRAM devices. Furthermore, it is worth mentioning that the RRAM
devices have many applications in logic gates, analog circuits, random number generators
and in neutral networks [37-39].

In many situations, the RRAMs have attracted industrial attention, due to their simple
structure, cost effectiveness for the processing and most importantly adaptability to the cur-
rently existing CMOS technology. Scaling is more advantageous for RRAM devices than
the transistor based CMOS memories[40]. Each memory cell occupies only 4F? area (where
F is the minimum feature size) which is relatively smaller than that of the other emerging
memories; the smallest cell size so far being 10 nm [41]. It also supports 3D architecture that

enables much denser memory structures and further decrease in the effective cell size.

Size and proximity limit
MLC (multi-level cell)
Scalability ) 3D capability |

Cell structure (1TIR, 1DIR,
ITnR, crossbar, ...)

Writing: switching mechanism

Memory Speed Reading: on/off ratio, variability,
performance sensing scheme, array layout, ...
metrics
Writing: switching I/V
Power ,
' Reading: sensing schemes |
Retention
Reliability &
variability Ll
Variability

FIGURE 1.8: The RRAM device memory performance metrics.
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RRAM also works at good operating speed and low power with good endurance and
retention. Hermes et al.[42] demonstrated TiO; based ultrafast RRAM devices with 5 ns op-
erating speed and Yang et al. [43] reported TaO, based devices with endurance greater than
10'° cycles. In this connection, it is worth mentioning that the performance of the RRAM
device is judged by the few key factors/parameters such as scalability, power consumption,
speed and reliability studies. Figure 1.8 shows the memory devices performance metrics for

the RRAM.

1.6 Operating principles of RRAM

Normally, the RRAM devices show a hysteresis curve in I-V characteristics. This clearly
distinguishes a large variation between two different resistance states, namely HRS and LRS.
The switching can be controlled either by a DC bias source of voltage or current. Usually,
the device will exhibit the high resistance state. By applying a proper external DC bias,
it comes to a low resistance state. The very first and initial switching from insulating (or
HRS) to conducting (or LRS) is called formation process. Secondly, switching back to HRS
from LRS is called reset operation. Thereafter, HRS to LRS switching takes place at voltages
lower than formation voltage and this is named as set process. Hence, the formation is an
initial step in device operation which prepares the device for memory operation by forming
conducting paths in the as-prepared or pristine cell. Set and reset are the steps to switch
the device into the desired state i.e. either LRS or HRS. Some devices are reported to be of
forming free type [9,11,20,29] and the devices studied in this thesis are mostly of forming
free type, may be because of the pre-existing defects in the as grown oxide films.

Basically, the operation of the RRAM devices based on the polarities are classified into
two categories: unipolar and bipolar devices. If the switching characteristics of a device
happen to be in the same direction (or if both the set and reset are triggered by a single
directional /polarity bias voltage) then it is termed as an uni-polar device. In contrast, the
set takes place in one polarity and the reset occurs at opposite polarity in the case of the bi-
polar devices. Furthermore, set and reset operations are dependent only on the amplitude
but not on the direction then they are called non-polar devices. However, in the bipolar case,

the switching direction is dependent on both the amplitude and direction. All the possible
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switching characteristics of the resistive memory device are shown in Figure 1.9(a)-(d). Some
resistive devices and their switching modes are mentioned in Table 1.1.

TABLE 1.1: List of memory devices and their switching modes

Unipolar Bipolar
Pt/NiO/Pt [35] | Pt/NiO/SrRuOs3 [44]
Pt/TiO, /Pt [36] Pt/TiO, /TiN [45]
Pt/ZnO/Pt [46] TiN/ZnO/Pt [47]
Pt/ZrO, /Pt [48] Ti/ZrO, /Pt [48]
Pt/HfO, /Pt [49] | TiN/HfO, /Pt [50]

Pt/AlLOs /Pt [51] Ti/Al,O3 /Pt [52]

1.6.1 Mechanisms of resistive switching

The switching behavior of a RRAM device from HRS to LRS and reversing back to HRS from
LRS in dielectric or semiconducting materials is very complex. Knowledge of the typical
switching mechanism of the RRAM is essential to tailor its performance. As mentioned
above, one of the important factors is the interface contact of the metal and insulator of the
cross bar structure in RRAM devices. Hence, it is important to investigate the contribution
to the switching performance in the conduction mechanisms of these RRAM devices.
Interestingly, it is found that the switching mechanism is not the same for all types of
the active layers used in these devices. Based on the investigation and availability of data,
several models have been proposed to explain the switching mechanisms. Two of the most
commonly observed mechanisms in the majority of the RRAM devices are: (i) ECM[53,54]
and (ii) VCM[54-56]. Among these, ECM is mostly found to be more effective for the active
metal electrode and is purely of Filamentary type conduction (due to metal ions diffusion).
Whereas, the VCM can be either of Filamentary type or interfacial effects from the oxygen
vacancies in the insulating material. Therefore, the choice of the metal and insulator can
play a crucial role in the RRAM device performance. Further, it is observed that it can
also influence the switching mechanism and switching modes (Table 1.1). Some of these

mechanisms are discussed in the following sections.
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1.6.1.A. Electrochemical metallization mechanism

Electrochemical metallization mechanism is mainly observed in most of the RRAMs for
which either one of the electrochemically active electrodes (e.g. Ag, Ni, Cu and Ti etc..)
and other of inert electrode (e.g. Au, Pt, W, etc..) are used in the cross-bar structures[20].
However, an insulating layer of a solid electrolyte is sandwiched between these metal elec-
trodes. A schematic representation of ECM switching mechanism is shown in Figure 1.10.
In ECM, the electrochemically active electrode gets deposited at an inert metal electrode
and starts forming or growing nano-sized conductive filaments upon applying a voltage
to the top and bottom electrodes. The formation of these conductive filaments, making a
transformation to LRS from HRS, is called set operation, Thereafter, the breaking of those
conductive filaments is called reset operation (i.e. to HRS from LRS). This can be reproduced

for a multiple number of cycles and usually it happens to be in bipolar switching mode [53]

ECM

Off state 20[
:{15‘
=10

Ly
0 02\ 04 06

Set process

FIGURE 1.10: Schematic representation of ECM switching mechanism of
RRAM device.
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1.6.1.B. Filamentary mechanisms

In transition metal oxides, resistive switching is mostly observed to be of filamentary type
and it can be of both, unipolar/non-polar and bipolar modes[53]. A schematic representa-
tion of the switching mechanism is shown Figure 1.11. Basically, in this case, the conductive
filaments formation can be explained by migration of oxygen ions (O, ) towards the top or
positively biased metal electrode, there by leaving an oxygen vacancy (V') in the switching
layer. Furthermore, it is found that the switching mode can be unipolar or bipolar, based on
the oxygen ions (O, ) diffusion or drift in the insulating layer, respectively. The formation
of the oxygen vacancies acts as CF in the switching layer. These conductive filaments can
be ruptured by means of joule heating effects for reset operation in unipolar devices. It is
to be noted that the local heating in the filaments causes the temperature to rise to several
hundred Kelvins due to high current density. This enables the oxygen ion migration or dif-
fusion into CFs[7]. Whereas, in bipolar devices the diffusion due to joule heating may not
be sufficient to rupture the portion of the filament[57]. A voltage bias opposite in polarity
to the set bias enables the oxygen ions to drift, enabling the oxygen ions to migrate into CFs

causing a portion of filament to be ruptured.

Top Electrode
LRS:
O Filamentary conduction

Vo+0?=0+2e =
{1042 =Vo+0O?

SET:
Soft breakdown

Top Electrode
RESET: Without

V=0
Top Electrode interfacial barrier:
Metal Oxide 0% diffusion (unipolar)
With interfacial barrier:
Sottom Electrode O drift (bipolar)
Fresh sample: IRS ® Oxygen ion
Bottom Electrod :
O Oxygen vacancy pHRS:

@ Oxygen atom Bulk leakage conduction

FIGURE 1.11: Schematic illustration of the switching process in the binary
metal oxides based RRAM devices.
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1.6.1.C. Interfacial mechanism

The interfacial mechanism usually applicable for the reactive metal electrodes (either of BE
or TE). The interface contact of a metal electrode with an oxide or a switching layer will re-
sults in the reduction of resistance due to the external bias in the RRAM devices. Hence, the
resistive switching between HRS and LRS is mainly due to valency change in the switching
layer, as shown in Figure 1.12. Therefore, it depends on the active/switching layer cell area
of the device. The effective resistance of both LRS and HRS increases with a decrease in cell
size whereas in ECM and filamentary conduction they are independent of memory cell area

[58].

Oxygeno}lacancy
Charge carrier

FIGURE 1.12: The simple interfacial based switching mechanism of RRAM
device.

1.6.2 Important Terminologies

The Resistive switching nature is measured by few critical parameters to judge the per-
formance of the RRAM device. Therefore, the key terminologies are given and explained

below.

A. Forming Voltage

Forming is the phenomena of the formation of the conductive filaments in the electrolyte
for the first time in a fresh/untested /pristine device. It is denoted by Vg, and the form-

ing voltages are typically higher and are proportional to the thickness of the dielectric. As
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explained above, it can be of conductive filaments as metal ion (diffusion) for electrolyte

and/or oxygen vacancies (diffusion or drift) for the metal oxides in the switching layers.

B. Set Voltage

Set is the phenomena of building back the conductive filament bridge after it has been dis-
integrated at least once either by the Joule’s heating or by electrochemical migration of ions
(first reset operation). Set voltages V., are logically lower than forming voltage, since this
time, the bridge is being “re-formed” only partially. The set and forming both lead the de-
vice into LR state and this is called ON state. The resistance of the switch during this state is
also called as R,,.The significant advantage of RRAMs over other types of memory devices
is that they operate at a very low voltages. The set voltages below 1 voltage are preferable

for the proper integration of memory devices with current CMOS technology.

C. Reset Voltage

Similarly, reset is a phenomenon of breaking or rupturing of the conductive filaments ei-
ther by the ion migration (bipolar mode) or thermal dissolution caused by Joule’s heating
(unipolar mode) and it is denoted by Vpgest. This operation leads the device into the HR

state or the OFF state. The resistance of the switch during the reset state is also called as

Roff.

D. Current compliance

During the forming or set operation, a limiting current is applied to the resistive switching
circuit from the external circuit so as to prevent the permanent damage of the device by the
flow of excess current and thereby excessive heat into the circuit. This is called as compliance
current and denoted by Icc. The compliance current is generally set at higher values for

realizing the reset operation by means of joule heating.

E. Resistance ratio

The ratio of the Rprr/Ro, is termed as the resistance ratio of the resistive switch. Typically,
Rofr/Roy ratio > 10 are required for cost effective RRAM chips. The Higher is the Rofs/Ron

ratio, the better is the performance of RRAMs.
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F. Endurance

Endurance of a resistive switch denotes the maximum number of times the cell can be set
and reset until the ON or OFF state falls out of the predefined acceptance window. This
determines the life and reliability of RRAMs.

G. Retention

Retention is the ability of the resistive memory cell to keep the stored information if the cell

is not powered. It tells how long the data stored in RRAM is reliable.

1.7 Conduction mechanisms

In the previous section, the mechanisms and modes of the resistive switching were dis-
cussed. However, it is also important to understand the origin of conductivity in materials
that are intrinsically non-conducting (insulating nature of the TMO'’s). Basically, the conduc-
tivity of the switching/insulating layers are mainly categorized into two groups, ELC mech-
anism and BLC. Furthermore, the SE, F-NT, DT and thermionic field emission are the sub-
categories under ELC. Similarly, P-F emission, TAT or Hopping conduction, Ohmic conduc-
tion, SCLC, ionic conduction and grain boundary limited conduction are the sub-categories
under BLC. While, ELC depends on the electrical properties of the electrode-dielectric inter-
face, the BLC depends on the dielectric properties of the switching layer itself. The simple
flow chart is given in Figure 1.13. In this connection, some of these conduction mechanisms

are explained below.

Electrical Current
| Conduction Mechanism
l
v '
‘ Electrode - limited ‘ Bulk - limited
Ohmic conduction

= Schottky emission

® Fowler — Nordheim tunneling
= Direct tunneling

® Thermionic - filed

Ionic conduction

Poole - Frenkel emission
Hopping conduction

Space charge limited conduction
Grain boundary limited
conduction

FIGURE 1.13: Classifications of the conduction mechanism for the RRAM de-
vice.
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1.7.1 Conduction due to Schottky emission

Schottky emission is field-enhanced thermionic emission in which conduction is due to hot
electron transport from the metal surface to the insulator. A schematic of Schottky emission

energy band diagram under bias is shown in Figure 1.14.

Schottky Emission

111171777

I

Insulator

Metal Metal

FIGURE 1.14: Schottky emission energy band diagram.

When a field is applied between the electrodes, electrons in the metal get sufficient en-
ergy to overcome the potential barrier at the metal insulator interface and conduction takes

place. Schottky emission can be expressed by the equation 1.2 and 1.3

J = A*Texp|—q(¢r — \/qE/ 7ter€0)KT] (1.2)
A* = 4nk*m*h® = 120m*m, (1.3)

where ] is the current density, T is the absolute temperature, A* is the effective Richard-
son constant, m* is the effective electron mass in the dielectric, mg is the free electron mass,
q is the electronic charge, q¢ p is the Schottky barrier height, E is the electric field across the
dielectric, h is the Planck’s constant, k is the Boltzmann'’s constant, €  is the permittivity in

vacuum, and € , is the optical dielectric constant.
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1.7.2 Fowler — Nordheim (F-N) and Direct tunneling (DT) conduction

Direct tunnelling is attributed to the possible penetration of electrons through the potential
barrier when the insulator film is less than 10 nm thick. Fowler-Nordheim tunnelling is
electron tunnelling when the potential barrier at the interface is sheared under a high electric
field. A schematic of Fowler-Nordheim tunnelling and direct tunneling are shown in Figure
1.15 and Figure 1.16 respectively. The expression of the these are given in the below equation

1.4 and 1.5 for Fowler-Nordheim and direct tunneling respectively,
Jr-N = q87th¢pE%exp[—8m\/2qm*3hE¢3/?] (1.4)

Fowler-Nordheim Tunneling

A

7777777777

111717177

Insulator

Metal Metal

FIGURE 1.15: Energy band diagram of Fowler-Nordheim tunneling.

ot = exp[—87\/2q3h(m*.¢5)" *k.to,eq] (1.5)

tox,eq is the effective thickness of the film and the other parameters are the same as those

defined in the equation 1.2.
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Direct Tunneling

e TN
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FIGURE 1.16: Energy band diagram of direct tunneling.

1.7.3 Poole - Frenkel conduction

PF emission is similar to the Schottky emission from traps states and the electron is emitted

into the conduction band of the insulating layer through the intermediate traps[59,60].

Poole-Frenkel Emission
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Metal Metal

FIGURE 1.17: Energy band diagram of Pool-Frenkel emission.

This emission is also called internal Schottky emission. The traps due to defects create

potential wells where the electrons can be trapped. An electron is emitted from the trap to
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another due to thermionic effect i.e. it is a bulk conduction mechanism. The energy band
diagram of Poole-Frenkel emission is shown schematically in Figure 1.17. The P-F current

density can be expressed using the equation 1.6.

] = quNcEexp[—q(¢r — \/qE/ 71€1€,)KT] (1.6)

where y is the electronic drift mobility, N, is the density of states in the conduction band,
q¢ T is the trap energy level, and the other parameters are same as defined in the equation

1.2.

1.7.4 Trap assisted tunneling or hopping conduction

Trap assisted tunneling conduction is due to the presence of traps and it takes place when
the distance between the traps is very small and the trapped electrons tunnel from one trap
to another. The energy band diagram for hopping conduction is depicted in Figure 1.18. The

expression is given in equation 1.7.

Jrat/Hopp = exp—87+/2qm*3hE¢3/? an
the parameters are same as defined in the equation1.2

Hopping conduction
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FIGURE 1.18: Hopping conduction energy band diagram.



22 Chapter 1. Introduction and Background

1.7.5 Space charge limited conduction

SCLC is due to the formation of space charge and it occurs when the equilibrium carrier
concentration value is dominated by injected free carriers. It is a defect controlled conduc-
tion mechanism. The typical I-V characteristics are shown in Figure 1.19 and the expression

is given in equation 1.8.

Jscre = 98enufo*d’ (1.8)

where 6 is the ratio of free to shallow trapped charge and d is thickness of the oxide and

the other parameters are same as defined in the equation1.2.

Current density J

(log scale)
2 Region 4
J=V Trap-
free
SCLC
Ratio of Tn;[;
currents JesV™ filled
=8 limit
| Region 2
5 Trap-
2
Jec\ | limited
| SCLC
|
|
Jee/ | | Region 1
| | Ohmic
| |
| !
0 V V
¥ L Voltage V

FIGURE 1.19: Space charge limited conduction typical I-V characteristics.

I-V characteristics in SLSC consist of four different slope regions. In the low voltage
region, it shows Ohmic behaviour due to thermally activated charge carriers. Beyond a
certain V, injected free carrier current dominates and shows non-Ohmic nature in the char-
acteristics. When all traps are filled by injected carrier at the Vrry, the Fermi energy level
crosses the trap energy level. As a result, an abrupt rise in current is observed and then I-V
characteristics follow Child’s square law (IxV?).

Although an RRAM device shows characteristics similar to SLSC conduction, the change
in resistance once’s takes place is permanent. In contrast, SLSC will not retain the resistance
of the second region and comes to the resistance of the first region once the bias is removed.
All these conduction mechanism expressions are summarized in the Figure 1.20. Notwith-
standing the progress made in RRAM devices, some issues such as high reset and leakage

current still need improvement.
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FIGURE 1.20: the summarized of all the conduction mechanism expressions.

The choice of switching material is very important to understand the fundamental as-
pects of switching. In the following section, the materials used in this study as switching

layer are discussed.

1.8 Choice of the material

A wide variety of TMO’s show resistive switching behavior[31,56]. One of the TMO’s under
active consideration is hafnium oxide or Hafnia. Hafnia is used as the gate dielectrics in the
fabrication of CMOS technology as insulating material[61]. It has many applications in the
Si based semiconductor industry. The transparency of hafnia in the near UV to far IR region
has enabled various applications for HfO, such as astronomical Si-based CCDs [62], night
vision and IR optical devices [63], UV-IR protective layers [64,65], solar cells anti-reflection
coatings [66]. Hafnium oxide is intrinsically a p-type semiconductor [67]. The unit cells of
HfO, is shown in Figure 1.21. HfO; has a high refractive index (~ 2), large band gap (5.7
eV) [61], wide transparent range from UV region to IR region. Material properties of the
HfO, are shown in Table 1.2. More details about the importance of HfO, and HfO, in RRAM

technology are given in the following chapters.
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FIGURE 1.21: Unit cell structures of HfO5.
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TABLE 1.2: The properties of the HfO,.

parameter
Formulae HfO,
Dielectric constant (25-30)
Band gap 5.7 eV
Refractive Index ~2
Melting point 3000 K
Boiling point 5500 K
Electron mean free path 9.2 nm
Thermal conductivity | 1.1 W/m-K
Specific heat 272j/Kg. K
Density 9.68 g/cm®
Young’s module 57 Gpa
Specific heat capacity 120 J/Kg-K
Thermal diffusivity 0.95 m?/s
Thermal Expansion 6.0 ym/m-K
Linear expansion 58 X 10~ %/K

1.9 Basics of ion-solid interactions

The research on ion beams in physics dates back to more than hundred years ago. The
journey be considering started in 1911 with Rutherford’s famous gold foil experiment using
alpha particles. Following Rutherford’s gold foil experiment, many researchers started the
understanding of ion beams and interaction of ion beams with matter. Later in 1932, John
Cockcroft and Ernest Walton developed the Cockcroft-Walton-accelerator and studied the
transmutation of Lithium into Helium after irradiation with energetic protons [23,67]. When
an energetic (accelerated) ion beam interacts with the material atoms in a solid, this leads
to the modification of the material and can lead to a number of interesting phenomena as
discussed below: When an energetic ion is incident on a solid, it interacts with nuclei and
electrons of that solid depending on its energy. Interaction of ions with electronic subsys-
tems is more significant when its velocity is comparable or greater than the Bohr velocity of
electrons [69,70]. The interaction of low velocity ions with material atoms is mostly by elas-
tic collisions and energy lost by ions in this process is called nuclear energy loss ((dE/dx)c
or S,). Whereas the interactions of energetic ions with electrons of the target solid are in-
elastic in nature that lead to the excitation and ionization of atomic electrons of the solid.
The energy lost by ions in this process is named as electronic energy loss ((dE/dx),e or Se).

Depending on the strength of these interactions, ions can pass through a maximum depth
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(called projected range, R,) in a given material before they come to rest. S, S;, and R,
critically depend on ion-solid combination. The charge (Z;), mass and energy, of incident
ion and the charge (Z;) and density of target material are the crucial parameters as seen
in following equation 1.9. The values of S, S, and R, can be estimated for any ion-solid

combination by a famous computer simulation program known as SRIM-2013[71].

(dE/dx) = (dE/dx)ele =+ (dE/dX)nuc - _Ne(E) (1.9)

The nuclear energy loss depends on the elastic collisions between the projectile and sta-
ble material atoms. In this case, the initial and final momenta & kinetic energy are conserved.

The nuclear energy loss can be described by the equation 1.10.

(dE/dX)puc = (A4tZ2Z3e*Nv* My) (11 [biax / byin]) (1.10)

where N is the number of atoms per unit volume Z; e, M and v are the projectile charge,
mass and velocity while Z, e, M, are the target atom charge and mass, b is impact parameter.
Electronic energy loss is an inelastic process. Most of the projectile ion energy is shared
by the electronic system of the target. The energy loss of incident ion per unit distance is
calculated by multiplying the energy transfer per collision with the differential cross section
and integrated over all the impact parameters (from by, to b;;;4x). The electronic energy loss

per unit distance is given by the equation 1.11.

(—dE/dX)ee = (4tZ2e*nv®m) (In[buax / byin]) (1.11)

e If the incident ion energy is of the order of few eV (~ 5 eV), the incident ion may be ab-
sorbed into the solid or bounce off from the solid surface. In this case, the momentum

of the incident ion is not enough to influence the atomic bindings in the solid.

e If the incident ion energy is between the 5 eV to 5 keV, the resulting momentum trans-
fer between the incident ion and solid causes the electron pickup, ionization, desorp-
tion and sputtering of the solid surface to occur. The surface atoms are ejected from
the solid surface when the incident ion kinetic energy overcomes the surface binding

energy. Generally, the average surface binding energy and covalent bonding energy
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of solids are of the order of few eV (~ 5 eV). The elastic collisions between the projec-
tile ion and solid atom cause the sputtering and similarly inelastic collisions cause the

ionization and charge exchange.

¢ If the incoming ion energy is more than 5 keV to MeV, the projectile passes into the
solid and loses its energy by either elastic scattering or inelastic scattering. In this
case, phonons and secondary electrons are produced due to scattering. The average
penetration depth of an ion in a particular material is known as ion range. The ion
range may vary depending on the material and typically ion range varies from 1 nm
to several um. The resulting phenomena of Ion implantation is the most important

technique for semiconductor and certain device fabrication.

¢ The swift ions lose their energy by two main processes 1) transferring to target elec-
trons known as electronic energy loss (S¢), and 2) transferring the energy to target
atoms known as nuclear energy loss (S,;). The stopping cross section describes the en-
ergy loss of swift ion in the material per unit length as given in below equations. In
addition to that, ionization, sputtering of the target atoms, defect creation in the target
and charge state modification takes place in the process of ion irradiation. The SHI

irradiation and consequent effects will be discussed in the following sections.

1.9.1 Radiation damages
A. Displacement Damage:

Atlower energies, atoms are moved from their lattice sites by incident radiation. This affects
the crystal electronic characteristics. This depends on the energy and momentum that is
transferred to the lattice atoms and is therefore dependent on the particle type (mass) and
energy. This can lead to the formation of various kinds of point defects which can seriously
affect the electronic properties of many materials. Displacement damage can be estimated

by SRIM.

B. Ionization Damage:

Ionization radiation can be caused by photons, electrons, protons or atomic ions, as long as

they have energy to liberate an electron from an atom, creating an ion or an electron-hole
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pair in the material of interest. Incoming radiation ionizes the device and liberates charge
carriers, depending on its energy. These carriers then travel around the device and become
trapped, resulting in areas of concentrated charge and therefore parasitic fields. This is
independent on the type of radiation but depends on the absorbed energy through which
ionization is the dominant absorption mechanism. For example, if a photon were to create
electron-hole pairs radiation in a piece of silicon, the photon energy must be greater than
the band gap of silicon. Thus, the energy needed will differ for material type whereby Ev >
1.1 eV for silicon and Evy >9 eV for silicon dioxide. The type of ionizing damage that occurs
in insulators is referred to as total Dose effects (TID)[30,72]. The total dose is the amount of
energy deposited in any material by ionizing radiation and is given in units of Rad or Gray,
(1 Gray = 100 Rad). The number of electron-hole pair generated is directly proportional to

the total dose.

1.9.2 Swift Heavy Ion (SHI) irradiation

Irradiation of a material with high energy ions has imperative effects on the electrical and
optical properties of materials. SHI irradiation is a versatile technique to modify various
materials, nanoparticles and embedded nanostructures in the materials [73]. Along with
that, the ion beams can be used as a tool to synthesize the materials as well as to charac-
terize the materials [74]. Smaller systems of ion accelerators are used for basic studies in
physics [75], chemistry [76], medicine [77] and nano-electronics [78] applications. The ion
energies, ion flux, fluence, and temperatures affect their respective phenomenon like sput-
tering, preferential sputtering by surface modification and nanostructures. SHI irradiation
is a unique method to modify the material in a controlled manner. With SHI irradiation,
one can increase the critical current density, improve the magnetism in magnetic materials,
create the nanostructured materials for sensor devices applications and modify the nanos-
tructured materials that are embedded in dielectrics for memory applications[79,80]. SHI
can attain energies in the order of MeV/amu and can travel with up to15 % of velocity of
light. As energetic ions traverse through a material, they lose their energy via electronic
energy loss (S.) and nuclear energy loss (S;) processes. (S,) dominates at high ion energies
(>0.5 MeV/um), while S,, dominates at low energies (< 0.5 MeV/um). In Figure 1.22 we

show the stopping power calculations of ions in the range of 10 keV to 10 GeV.
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FIGURE 1.22: Stopping power calculations of ions in the range of 10 keV to 10
GeV, calculated using the Monte-Carlo software SRIM-2003.

The subsequent energy losses create damage in cylindrical zones throughout the ion path
known as “ion track”. The ion track diameter can range between 1 nm to several nm and
purely depend on the type of material and ion energy. At these energies, ions deposit most
of their energy to the electronic subsystem and will cause huge electronic excitations. This
is then transferred to the lattice by means of electron-phonon coupling processes. There
are two models to describe these coupling mechanisms. The “Thermal spike model”[81]
explains the lattice heating that can lead to melting, vaporization and thermal quenching
causing track formation. Similarly, the “Coulomb explosion model” mainly focuses on the
formation of charged cylindrical zones along the ion tracks and leading to atomic displace-
ments, which is mostly applicable in insulating materials. “Self-trapping exciton model”
explains the highly concentrated excitons created resulting in consequent defects formation.
The “Bond weakening model” explains the atomic bonding which excludes the physical
parameters.

Among all these models the thermal-spike and Coulomb explosion models are promi-

nent to explain the latent track formation and subsequent effects. A model of the formation
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FIGURE 1.23: Sketch diagram of SHI irradiation.

of the latent track during SHI irradiation is shown in Figure 1.23.

1.9.3 Thermal spike model

This model is used to explain the structural modifications and track formation induced by
SHI in materials. The thermal spike model can also account for defect creation or annihila-
tion and phase transformations in the materials[82]. This model accounts for the atomic and
electronic systems separately. Thermal spike model explains the transient energy converted
to the thermal energy in the subatomic system. Initially, the energetic ions share their en-
ergy with the target electrons, known as ionization process. The excited electrons can enter
conduction band leaving a hole in the valence band. This process happens on the time scale
of 10717 sec, just like a delta distribution. The excited incoherent electrons interact with the
target electrons and lose their energy via quasi-thermal distribution. This process happens
within 120 fs after the excitation. The electron-electron interaction increases the electronic
temperatures. The quasi-thermal electrons in the conduction band further lose their energy
via electron-phonon interaction. This process happens on the time scale of 1-10 ps after the
excitation. In this situation, the sharp rise of temperature in the target material may attain
the melting temperatures in some materials. The affected region is approximately 1-100 nm
diameter around and all along the ion trajectory known as ion track. The track diameter

depends on the irradiation parameters and irradiated material[83].

1.9.4 Coulomb explosion model

The “Coulomb explosion” is another model to explain the SHI interaction with the matter

and track formation. The major difference between the thermal-spike model and Coulomb
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explosion model is the difference in mechanism of SHI energy deposition into the subatomic
lattice. The similar way in the above case, the SHI energy transferred to the material elec-
trons in the time scale of 10~!7 sec. The excited electron cloud produce charge separation
in the SHI passage region. The transiently produced positive charge cores repel each other
and cause track formation, which is called “Coulomb explosion” model [84]. The transiently
generated electric field is enough to overcome the bond strength of the material and cause
the displacements of atoms in the ionic core. Fleisher, Price, and Walker [85] established the
Coulomb explosion model for causing of ion tracks in solids. Coulomb explosion model is
more prominent in insulators and semiconductors than the metals where neutralization and
screening is much faster than lattice relaxation. Plasmon frequencies are much higher than
the phonon frequencies [86]. Therefore, electrons return to their vacant orbitals much faster
than the lattice atoms can move. Both the thermal spike and Coulomb explosion processes
are expected in the materials of interest (HfO;) in this work. However, the thermal spike

seems to be more significant in HfO,.

1.9.5 Radiation Hardness of logic and memory

Events, such as the failure of the Telstar satellite in 1962, have shown that it is the semicon-
ductor devices that are most prone to failure when irradiated [57]. The type of radiation
with different environments caused by a range of activities including fission reactors, high
energy particle experiments such as those in CERN, space and nuclear industry. When a
semiconductor device is irradiated, two types of radiation damages can occur from a range
of particles such as photons (in the form of X-rays, Gamma rays etc..) charged particles (such
as electrons, protons), neutrons and atomic ions. In the nuclear and space environment, the
main cause of displacement damage in semiconducting devices will be from the release of

neutrons[30,68].

1.10 Objective and outline of the thesis

The literature review on RRAM (their structure, conduction mechanism and TMO’s used)
presented in the previous sections indicate that there are many issues that need to be ad-
dressed, before the technology can become viable. Some of the issues to be resolved are

understanding the exact role of defects and metal-insulator interfaces in determining the
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switching characteristics. Secondly, the role of stoichiometry in the oxides is also not well
understood. An investigation on the processing methods and their impact on the quality of
switching layer has not been carried out. Methods of reducing dielectric break down and
formation voltage have not been reported extensively. This dissertation presents a detailed
study on the fabrication, characterization and radiation response of three different types of
HfO;-based RRAM devices.

The main motivation of this thesis is to report on the fabrication and understanding of
HfO, and HfO, based RRAM devices and their response to thermal annealing, gamma ir-
radiation and ion irradiation. RF and e-beam deposition techniques have been employed to
fabricate the RRAMs. Thermal annealing and SHI irradiation studies showed phase trans-
formations and consequent effects on the performance of the RRAM devices. In these stud-
ies, the as-deposited, annealed and irradiated (Gamma and SHI) samples were characterized
by different techniques such as RBS, GI-XRD, FESEM, EDS, XPS and PL for their structural
and optical properties to understand the growth and physics of ion beam interaction with
thin films of HfO, layer. Switching characteristics have been studied by employing a semi-
conductor device analyzer.

Chapter 1: Introduction and Motivation

Chapter 1 describes the motivation for the present thesis work. Current technology
needs for alternate memory devices have been presented. The choice of materials, the ba-
sics and relevant literature, current trends in the fabrication and characterization of memory
devices have been discussed in detail.

Chapter 2: Experimental Methods

Chapter 2 gives full details of experimental facilities and analysis methods utilized in
the study for the present thesis. Various physical deposition methods such as RF sputter-
ing and e-beam evaporation techniques have been employed to deposit metal, HfO, and
HfO, thin-films. The patterned device structures were fabricated by lithography techniques
available at CFN, University of Hyderabad. Few HfO, films were subjected to thermal an-
nealing. Furthermore, the swift heavy ion and gamma irradiation of samples have been
carried out using the 15 MV Pelletron accelerator and gamma irradiation facilities available
at IUAC, New Delhi. The pristine and irradiated samples were characterized by GI-XRD,
RBS, FESEM, EDS, UV-Vis-NIR and photo luminescence spectroscopy techniques. Similarly,

the stoichiometry analysis of the thin films by XPS is performed at Cense IISc, Bangalore.
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Basics of micro fabrication methods, experimental details and characterization techniques
as employed for the thesis work have been given in this chapter. Electrical properties of
RRAM devices such as set and reset cycles, endurance cycling, retention time tests have
been performed by using Agilent B1500 A semiconductor device analyzer at CFN, Univer-
sity of Hyderabad.

Chapter 3: Synthesis, optimization and characterization of HfO, thin films

Chapter 3 presents the experimental results on the synthesis, optimization and char-
acterization of HfO, thin films deposited by RF sputtering technique. The duration of the
deposition varies for different films. The thickness of these thin films is characterized by pro-
filometer and XRR techniques. Furthermore, RBS is employed to characterize the elemental
composition. Similarly, EDS and XPS are also performed to estimate the stoichiometry of
the thin films. XPS reveals that the films deposited by RF sputtering possess non-lattice oxy-
gen (O-O bond at 532.90 peak/eV) in nature. The surface morphology of these films were
characterized by FESEM. UV-Vis-NIR spectroscopy is performed to estimate and analyze
the energy band-gap and refractive index of these films. Synthesis, post-synthesis process
and optimization of these films will be discussed in this chapter.

Chapter 4: Effects of gamma irradiation on the performance of HfO, based RRAM devices

Chapter 4 explains the fabrication and characterization of simple MIM like structure
HfO, based RRAM devices by RF sputtering. Effects of gamma irradiation on the switching
properties of these devices have been studied and presented.

Tri-layered Ag/HfO,/(Au,Pt) thin films were fabricated on Si substrate at room temper-
ature by RF magnetron sputtering. Ag/HfO,(50 nm)/Au based devices (pristine samples)
showed reasonably good switching and retention characteristics. The gamma irradiation
(12 and 24 kGy dose) resulted in the deterioration of device performance by reducing the
number of successful switching cycles (i.e endurance) and variation in retention time. An-
other set of Ag/HfO,(30 nm)/(Au,Pt) structure devices have also been fabricated and and
subjected to gamma irradiation with different (12, 24, 48 kGy) doses. The effects of gamma
irradiation and the role of the bottom electrode on the performance of the RRAMs have been
presented in this chapter[87,88].

Chapter 5: Effects of Swift Heavy Ion irradiation on the performance of RRAM devices

Chapter 5 presents a study of HfO, based RRAM devices as fabricated by photolithogra-

phy techniques at CFN, University of Hyderabad. Four sets of devices with active area of 10
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pm x 10 pm and 20 ym x 20 ym and thickness of 50 nm and 30 nm were fabricated. Further,
the SHI irradiation using the 15 MV Pelletron accelerator at the IUAC, New Delhi has been
performed on 30 nm thickness of 10 ym x 10 ym and 20 ym x 20 ym devices to investigate
the effects of SHI on the performance of these RRAM devices. The devices were irradiated
with 120 MeV Ag ions at various fluences ranging from 5 x 10'° to 5 x 10'? ions/cm? It is
shown that the SHI irradiation can improve or deteriorate the performance of these devices
based on the fluence. These details are discussed in this chapter[89].

Chapter 6: Non-stoichiometric HfO, thin films and effects of Swift Heavy Ion irradiation on the
performance of corresponding RRAM devices

Chapter 6 describes the deposition and optimization of HfO, thin films prepared by
e-beam evaporation technique at University of Hyderabad. Film thickness and surface mor-
phology are measured by XRR and FESEM respectively. Furthermore, the film stoichiometry
is investigated by EDS and XPS measurements. XPS reveals that the films deposited by e-
beam evaporation possess non-lattice oxygen (O-O bond at 529.22 and 532.46 peak/eV) and
Hf rich (16.08 peak/eV) oxide in nature. Initially, we have investigated the thermal anneal-
ing effects on the performance of RRAM devices with active area of 10 ym x 10 ym. The
RRAM device characteristics, such as set and reset voltages, endurance and retention time
showed improvement for the devices annealed at 500 °C. Further, we have investigated the
effects of the SHI (120 MeV Ag ions) irradiation on the switching properties of RRAMs with
an active area 10 ym x 10 ym. It is found that the SHI can cause annealing effects in the
films at lower fluences. Finally, we have fabricated three sets of devices with different top
metal electrodes (Au, Cr, and Al) to elucidate their role on the performance of the RRAM
devices. All these devices showed better switching properties whereas the device with Cr
as top electrode is found to be more favorable in endurance cycling. These results will be
discussed in this chapter.

Chapter 7: Conclusions and Future Outlook

The results are summarized and the future scope of the work is discussed in this chapter.
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Chapter 2

Experimental Details

2.1 Introduction

In this chapter, different thin film deposition systems and their usage for thin film depo-
sition, material characterization techniques, device fabrication and their irradiation by SHI
and gamma rays, which are mainly used in thesis work, are presented. The experimental
setup is explained in detail in subsequent sections. PVD techniques such as RF/DC mag-
netron sputtering, e-beam, and thermal evaporation were used in depositing thin films. The
Fabrication details of cross-bar structure-based RRAM devices by using an in-house opti-
cal lithography instrument are explained. The thin-films’ surface morphological properties
were investigated by using FESEM, stoichiometry by EDS, thickness measurements by RBS
and Profilometer. Further, crystal structure is investigated by GI-XRD, and stoichiometry
by XPS for the same films. Similarly, defects in the films were analyzed by PL technique
and UV-Vis-NIR Spectroscopy. The irradiation facilities such as SHI and Gamma are also
discussed.

The electrical properties of the devices were measured by using a semiconductor device
analyzer. There are different varieties of deposition techniques such as CVD and PVD [1-3],
electrochemical deposition or electroplating, chemical solution deposition or sol-gel tech-
nique and spray coating which are used for depositing thin films. As mentioned earlier,
PVD is the most routine and popular technique to deposit good quality thin films. It has
more advantages compared to the rest of the techniques such as better control over growth

kinematics, uniformity of thin films and so on.
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FIGURE 2.1: Physical vapor deposition process steps for the preparation of
thin films.

The PVD systems usually require a source material (target to be sputtered or evapo-
rated), transport medium (Plasma, Vapor) and substrate (on which the film should get de-
posited). Here, the solid material is sputtered, then evaporated as gaseous material, and
deposited as a solid material on the substrate.

Figure 2.1 shows the various stages of the PVD process. The Current thesis-work em-
ployed the most popular techniques such as RF sputtering and e-beam evaporation. These
popular techniques are used for the deposition of thin films of the switching layer metal

electrodes.

2.2 Physical vapor deposition systems

2.21 Thermal evaporation

It is one of the most commonly used techniques for depositing thin films and preferably for
the metal contacts deposition in electronics device manufacturing industry [4]. It includes
the principle of evaporating the solid source material by a resistive heating method in a high
vacuum environment (typically in the order of 107> to 10~° mbar). To carry this out, a high
vacuum chamber is required to improve the mean free path of the molecules. This is done
mainly for the source material to evaporate and get deposited uniformly on the substrate to
form a thin film.

In the minimal optimized conditions, thermal evaporation gives good uniformity, high
deposition rate, and good quality films [5]. Despite such advantages, the probability of
contamination is high in depositing source materials with a boiling point nearly equal to
the melting point of the evaporation boat. It is used for depositing Al , Au and other metal

electrode contacts. Figure 2.2 represents the schematic of the thermal evaporation setup.
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FIGURE 2.2: (a) Schematic diagrams and (b) facility setup of the thermal evap-
oration system at UoH.

2.2.2 e-beam evaporation

Another technique similar to thermal evaporation is electron beam evaporation. In this, a
beam of focused electrons ejecting from a tungsten filament, is directed towards the source
material using a strong magnetic field. The evaporation takes place when a large amount
of energy (typically in the order of several million watts per square inch) is transferred on
to the source material. The process takes place in a high vacuum chamber (typically in the
order of 107° to 10~® mbar).
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e |
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FIGURE 2.3: Schematic and image of e-beam evaporation setup.
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TABLE 2.1: The comparison of thermal and e-beam PVD systems.

Evaporation type Thermal e-beam
Power :| 240Vand 106 A | 5-10 kV(12-15 mA)
Vacuum levels | : [ 107° to 10 ® mbar | 107> to 10~ mbar
Principle method | : Joule effect electron beam
Choice of the : | low melting point | high melting point
materials
Deposition rate | : 50 A/s <100 A/s
Uniformity : Moderate Good
Type of materials | : Spirals/boats Crucibles (copper)
for loading the (Molybedenum
source materials and Tungsten)

The e-beam evaporation is normally suitable for the high melting point materials. In
the present work, it is used for the deposition of Cr as a metal contact layer, and HfO, as a
resistive switching layer. The detailed deposition conditions for the materials are discussed
in the respective chapters.

In this present thesis work, Tungsten (W) boat is used for Au and Spiral for the Al for
loading the source materials. Figure 2.3 represents the schematic of the e-beam evaporation
setup. The film deposition conditions are given in respective chapters. The comparison of

thermal and e-beam evaporations PVD system is given in Table 2.1.

2.2.3 RF/DC Magnetron sputtering

Radio Frequency (RF) magnetron sputtering is the most popular PVD system used for de-
positing thin films of dielectric materials [6]. In this technique, the principle of variation
of an alternating electrical potential of the current at frequencies (typically 13.56 MHz) is
involved. At this radio frequency, the AC prevents the charge building up on the target ma-
terials during alternate cycles. The sputtering process takes place in a high vacuum chamber
(typically in the order of 10~ to 10~®mbar). Here, a cathode is negatively biased, by pump-
ing Ar gas into the chamber, thereby ionized Ar* ion (Positive charge) are directed towards
the cathode.Therefore, energized charged particles knock out the atoms of the target materi-
als which then traverse in the vacuum chamber and get deposited on to substrate (positively
biased).

Similarly, in DC sputtering, a negative potential is applied to the target with respect to

the substrate. Here, the positively charged ions (Ar") bombarding the target material eject
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FIGURE 2.4: (a) Schematic view and (b) image of RF magnetron sputtering
installed at Sop, UoH.

TABLE 2.2: The comparison of RF and DC sputtering PVD systems.

for heating

particle to sputter

Sputtering type RF DC
Power 6 kW 1kW
Vacuum levels 107> to 10~° mbar 107> to 10~° mbar
Principle method Ionized inert gas Ionized inert gas

particle to sputter

atoms from atoms
target materials

from target materials

Choice of the Dielectric Metals
materials
Deposition rate 50 A/s <100 A/s
Uniformity Moderate Moderate
Type of materials Standard target Standard target dimensions
for loading the dimens (2” in diameter)

source materials ions (2”7 in diameter)

the atoms from it. The atoms then get condensed on a substrate and form thin films. The
main limitation of the DC sputtering over RF is that the target should be conducting in
nature. Hence, the DC sputtering is used for depositing metal films. Also, RF sputtering can
be used to deposit both conductors and insulators whereas DC sputtering can only work for
conducting materials. In both sputtering techniques, the magnetron is used such that the
magnets are placed behind the cathode, so that the ionized particles are confined near to the
target surface. Hence, there is an increase in the collision of particles. The direction of the
magnet field is perpendicular to the target cathode electric field [5,6]. The schematic of the
RF magnetron sputtering is shown in Figure 2.4. The comparison of RF and DC sputtering
PVD systems is given in Table 2.2. Present thesis work uses an RF sputtering technique for

HfO, film deposition.



50 Chapter 2. Experimental Details

2.3 Device fabrication

In electronics, device fabrication consists of several process steps. In this thesis work all
the seven different stages of the processes, right from scribing and cleaving to lift-off and

stripping have been used as shown in Figure 2.5.

5 Devslopment | 6. Deposionar cting — 7. Lifofl and sriping
FIGURE 2.5: the process flow steps of the sample cleaning and fabrication of
the RRAM devices.

As mentioned above, all the seven steps are employed for fabricating the micron/nano
dimension devices. These process steps have to be performed in a controlled humidity and
pressure under a clean environment in clean rooms. Based on the number and size of dust
particles. As per the size of the dust particles (greater than or equal to 0.5 ym per cubic feet),
cleanrooms are classified into different classes (e.g., class 10, class100 and class 1000). The
present thesis work is performed in class 1000 for all the stages as mentioned above. Each

processing stage is described in a detailed way in the following.

2.3.1 Wafer cutting (scribing and Cleaving)

A single crystal Silicon (Si) substrate is used for this device fabrication in the current thesis
work. The detailed specifications of the substrate are given in Table 2.3. In all these de-
vice fabrication processes, we primarily started with wafer cutting and cleaning as per the
requirements and applications.

In semiconductor device industries, usually, wafer cutting (wafer dicing) is employed
either by focused laser or by a mechanical saw. It includes a two-step process, scribing and
cleaving. The schematic picture (Figure 2.6(a)), shows the process of scribing and cleav-
ing the wafer. For scribing, a diamond tip scriber (Suss Microtech HR 100 shown in Figure

2.6(b) is used inscribing the lines on the wafer at most with a precision of 0.5 mm as per the
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TABLE 2.3: Si wafer specifications.

Silicon wafer specifications
type p-Type
Grade Prime CZ

Surface Single ploished
Dopant Boron
Diameter 3inch
Orientation <100>
Resistivity 1-10 ohm-cm
Thickness 380 £ 25um

required dimensions up to 4-inch wafer. These lines are perpendicular (90 °) to the crystal-
lographic orientation (i.e. <100>) for the cleaving. By applying tension on the opposite side

of the scribed lines then it cleaves the portion.

Scriber

Scribing + Diamoend lip
y
Required portion y

yr

I

Cleaving . l
A A
A

Separated pieces after cleaving

lenston

Scribe lines

FIGURE 2.6: (a) Pictorial illustrations of scribing and cleaving of Si wafer and
(b) set up at CFN, UoH .

2.3.2 Wafer cleaning process

The cleaning of wafer plays a pivotal role in device fabrication and influences device per-
formance. Basically, cleaning removes the impurities and dust particles from surfaces of
the substrate without damaging the actual surface. For this process, a standard RCA [7]
cleaning procedure is followed, which was developed in 1965 by Werner Kern. This RCA
process of cleaning includes the removal of organic and ionic contaminants. The details are
explained below in the following three-step process.

Step 1: Initially, a solution of DI water, NH4OH and H,O, are prepared in the ratio of
5:1:1 respectively. The Si substrates are kept in a beaker with this solution for 15 min at

70 °C in an Utrasonicator, then the substrate is rinsed with DI water. The dust particles and
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Optical lithography

FIGURE 2.7: a) The wet bench set up for sample cleaning b) fabrication process
steps using optical lithography and c) the spin coater facility at CFN, UoH

organic impurities are removed, but it forms a very thin layer of oxide grown on Si substrate
typically around 10 A.

Step 2: Further, at room temperature, Si substrates are placed in solutions which are
prepared with DI water and HF in the ratio 1:20 respectively for 15 s in an Utrasonicator.
With this, a thin layer of the oxide layer is stripped or removed. This step is crucial for
those devices, where interface studies directly influence or limit their performance. For the
present studies it is an optional step.

Step 3: Finally, a solution of the mixture in the ratio 6:1:1 of DI water, HCI acid and
H,O, respectively is used for the cleaning. The substrates are kept for 10 min at 70 °C in
Utrasonicator than rinsed with the DI water for about a minute. The metallic contaminations
are removed from the surface by performing this step.

In order to remove the remaining water droplets, the substrates are dried by blowing a
nitrogen gas, followed by placing them on a hotplate at 105 °C for a few minutes. All the
crucial RCA cleaning steps are done for making good quality devices. Figure 2.7 shows the

wet bench set up for sample cleaning at CFN, UoH.

2.3.3 Pattern Transfer

Lithography is a technique to define the structures of patterns that are to be transferred on
to the substrates. There are wide varieties of Lithography techniques. Among them, photo
or optical (UV and Laser) lithography is a universal technique used for the micron size,
typically less than 0.5 ym, device structures. In general, lithography consists of a coating of
resist followed by soft baking, exposure; development; oxide deposition or etching; lift-off
and stripping. These are performed at each stage of the specified patterns or masks. Figure

2.7(b) illustrates the process steps for optical lithography.
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TABLE 2.4: Spin coating conditions and nominal thickness.

Spin coating conditions
Photoresist | 15 Step | 2™ Step Soft Thickness
type baking of the film
Positive | 500 rpm | 4500 rpm 80 ¢ for ~ 1.2 uym
for5s for 30s | 20 Minutes

A. Photoresist

Photoresist (PR) is a photosensitive material by its property and is used in many processes
of lithography techniques. When exposed to light, PR changes its properties. If its exposed
part is removed by dipping in a developer, it becomes positive resist (Figure 2.7(b)-f &g. Al-
ternately, if the unexposed part is removed it becomes negative resist (Figure 2.7(b)-f &g [8].
For the present thesis work, Fujifilm OIR 620-10M photoresist is used for optical lithogra-
phy. PR is coated using a spin coater. Resist thickness can be varied by the spin speed and
substrate. The spin coater is shown in Figure 2.7(c). The spin coating conditions are specified

in Table 2.4.

B. Optical lithography

Optical lithography is used to pattern micron size devices using a beam of light. In this
work, the SUSS MICROTEC MJB4 mask aligner is used in the range of UV wavelengths.
This can be achieved by using different kinds of light sources such as Uv and DUV light. In
the mercury lamp, the spectra show strong intensity near to UV at 436 nm, 405 nm, and 365
nm and they are also known as g-line, h-line, and i-line, respectively [8]. Figure 2.8(a) shows
the mask aligner. The mask aligner is operated in contact mode at a constant power of 25
mW /cm? (for positive PR). For exposure, the intense peak of 365 nm (i-line) wavelength of
light is used. The exposure time of 5 s is used for PR thickness 1000 nm over Si substrates.
The exposed samples are developed using Tetramethylammonium hydroxide (TMAH) for

30 seconds.

2.3.4 Etching and lift-off

For selective removal of the material, two kinds of processes can be adopted, etching and lift-

off. In the etching process, the developed area is etched using appropriate etchants whereas,
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Lift-off process Etching process
— Material
Patterned PR (a) (i) deposition
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Afterlifioft (d) - (iv) ':f.::s:nm;;

FIGURE 2.8: MJB lithography facilities at CFN, UoH and Illustration of a-d)
lift-off, i-iv) etching process steps.
in lift-off, the undeveloped area is stripped away along with the deposited material using

solvents like Acetone. Figure 2.8(b) illustrates steps in lift-off and etching processes.

2.3.5 Mask details

For present work, 5”x5” Chrome-coated quartz plate based mask prepared by using EBL
technique is employed. RRAM mask used in this work consists of a crossbar array with 25
devices of each cell. These cells vary with different sizes of 10 ym x 10 ym, 20 ym x 20 ym,

40 ym x 40 ym and 80 pym x 80 pm.

FIGURE 2.9: a) CAD layout for RRAM mask 2; contains the layers for bottom

electrodes (BE), to electrodes (TE), switching or oxide layer deposition (OD)

and etching (OE) and b) Photographs of a mask used for the Fabricating of the
RRAM devices.

The CAD layout of a mask is shown in Figure 2.9(a). This mask consists of a bottom and

top electrodes as well as oxide design for deposition and etching processes. The photograph
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of the mask is shown in Figure 2.9(a).

2.3.6 RRAM fabrication flow

The step-wise process flow for fabricating HfO, based RRAM devices is shown in Figure

2.10 in detail. For all deposition of TE, BE and OD layers, lithography is used to the pattern.

Scribing&:
Cleaving

HIO2 Llayer
Deposition and

lifi-o il

RCA Cleaning

Bottom electrodes
patterming Top electrode

patterning

BE
Drespromiticon ancd
il -1

-1-
Orxiele layer
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FIGURE 2.10: Process flow of the HfO, based RRAM fabrication.

BE
Deposition and
Lift-oil

2.4 Irradiation facilities

In employing ion beams for the characterization and modification of the materials, ion-solid
interaction plays a significant role. In order, to elucidate the interaction of energetic beams
with a material like HfO,, two different kinds of irradiation have been studied for the de-
vices viz. 1) gamma irradiation and 2) SHI irradiation. Both the facilities are available at

IUAC, New Delhi and have been utilized to accomplish the present thesis work.

2.4.1 Gamma irradiation facility

A Cobalt 60 (Cogp) source of gamma chamber GC 1200 has been manufactured by the BRIT,
Mumbai. The self-shielded source has a capacity of 185 TBq 5000 C;, dose rate at 9 kGy/hr,
about a volume of 1200 cc. The schematic of this process level diagram is shown in Fig-
ure 2.11(a) and facility setup is shown in Figure 2.11(b). The sample for the irradiation is

placed inside the chamber at a specified location. The isotope Cog, which is produced from
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a bombardment of a neutron with stable Cosg, decays into stable 5)Ni by emitting character-
istic gamma rays of energies 1.17 MeV and 1.33 MeV. The radio-active reactions are shown

below equation 2.1 and equation 2.2.

§9Co —3 Ni+ e~ + 0, + y(1.17MeV) (2.1)

3sNi =3¢ Ni + 7(1.33MeV) 2.2)

60Ni
= y 1.1732 MeV
e
ne 603N
y 1.3325 MeV
SN

FIGURE 2.11: a) decay mechanism of a gamma source Cogy and b) gamma
irradiation facility setup at IUAC.

The gamma irradiation effects on the electrical properties of the HfO, based devices have
been studied at different doses 12 kGy, 24 kGy, and 48 kGy at a constant dose rate of 4.64
kGy/hr.

2.4.2 Swift Heavy Ion Irradiation

For the RF sputtering and e-beam deposition based HfO, films of RRAM devices, the SHI
experiments have been performed at IUAC, New Delhi by using a tandem type electrostatic
accelerator. The schematic diagram is shown in Figure 2.12(a) of 15 UD pelletron of tan-
dem Van de Graff accelerator, manufactured by NEC. This kind of pelletron is capable of
accelerating ions from a few hundred keV to a few hundred MeV ranges of energies [9-10].
Firstly, stable negatively charged ions are produced from a SNICS ion source. The negative
ions with the energy ranging from 50 to 300 keV are generated and pre-accelerated through

an injector magnet and the beam enters into an accelerator tube. An insulating SF¢ gas is
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FIGURE 2.12: a) schematic diagram of a pelletron accelerator and b) material
science beamline an irradiation chamber at IUAC.

filled in the Accelerating tank at high pressure. The negatively charged ion passes through
a stripper foil and gets converted into positively charged ion in the middle of the acceler-
ator, which is the terminal stage where a very high voltage (~ 15 MV) is attained and the
potential gradient is maintained throughout the tube. Further, the positively charged ion is
accelerated from the terminal to ground potential. Different charge states of the ions are pro-
duced. Depending upon the charge state, ion acquires different energy, as given by equation

2.3.

Ei(MeV) = Eq+ (14 Vi = (1+q)V, 23)

Where E; is the ion energy produced from the ion source (MC-SNICS) and V; is the high
voltage potential generated at the terminal (in MV). The ion beam current is

measured by FC (FC-L51) as shown in Figure 2.12(b). Similarly, the fluence is measured
by using the current integrator (integrates the charge collected over time to yield). Hence,
the irradiation ion fluence is directly proportional to the irradiation time. The irradiation

time is calculated as follows in given equation 2.4.

fluence(“’”s) « Area(lcm x lem)

time(s) = Current(pnA) x (6.25X10)

(2.4)

Where t is the time required for irradiating the material. particle nano-ampere (pnA) is

calculated by dividing the beam current in nano-amperes with the charge state of the ion.
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2.5 Structural, Microstructural and ion beam characterization tech-

niques

There are various characterization and analytical techniques that have been used to study
the films. The detailed version of the techniques has been described in the following sec-
tions. The Profilometer and RBS are used for estimating the film thickness. FESEM is used to
investigate the surface morphology of the thin films deposited by different techniques. XPS
and EDS measurements have been performed for the analysis of film stoichiometry. Further,
to elucidate the optical parameters of the films, UV-Vis-NIR and PL spectroscopy have been
performed. Finally, the electrical transport studies have been conducted by Agilent B1500 A

semiconductor device analyzer.

2.5.1 Profilometer

A Profilometer is a basic instrument operated to observe roughness of the surface and the
thickness (step heights) of a film. The model of AMBIOS XP 200 Profilometer, having a
diameter of 2 ym with a diamond stylus tip, is used for the thickness measurements. The
maximum step height it can measure is up to 800 ym with a maximum resolution 1 Aand it
gives the 3D profile of the surface and films. It can be done by either using a physical probe
(stylus) or by light. Basically, Profilometer has two parts: a sample stage and a detector,
one is to hold the sample and other, to determine the points on the sample respectively.
The stylus Profilometer is used to detect the surface, probe tip physically moves along the
surface of the films to acquire the surface height. A schematic illustration of the Profilometer
probe is shown in Figure 2.13. The detected optical deflection signal is converted to real-time
dimensions in the detector (profile). The technique specifications of the system are given

below in Table 2.5.

2.5.2 Rutherford Backscattering Spectroscopy

RBS is one of the basic techniques used for the characterization of the elemental composition,
film thickness and inter diffusion layers of the films. The schematic diagram is presented in
Figure 2.14. A target (film) is placed in such a way that it may be bombarded by the incident
ion (projectile) with the energy of a few MeV. These ions scatter back at large angles from

the film with a certain energy. The process is an elastic collision (non-destructive) between
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FIGURE 2.13: schematic illustrations of Profilometer scanning of AMBIOS
XP100.

TABLE 2.5: The technique specifications of the system.

Model : AMBIOS XP 200
Source (stylus Tip) : Radius 2.5 ym, Apex angle 60°,
Bevel height 200 ym, Diamond
Stylus Force Range : 0.03to 10 mg
Detector : Xe filled Count rate or Proportional
Maximum resolution | : 1
Maximum step height | : 800 ym
Scan Length Maximum | : 55 mm
Scan Speed Ranges : | 0.01 to 2.00 mm/sec (scan time > 3 sec)
Sample Stage : | 200 mm diameter with optional vacuum
Stage Translation : 150 x 178 mm
Stage Rotation : Manual operation, 180° in X-Y
plane and tilt for slope correction
Camera Zoom Range | : 40 to 160 X (1 to 4 mm Field Of View)

the projectile and target atoms. It gives a quantitative information and depth profile (several
orders of nm) of the heavier mass number elements whereas, very less sensitive to the lighter
mass elements. Generally, for RBS measurement, a 2 MeV He™ ions are used as incident
(projectile beam) ions[11]. The kinematic factor of the elastic collisions is given below in

equation 2.5.

Eq

ke — 1 — [\/(MZ) — (My)2sin?6 + M1c059]2
RBS =

My + M,

(2.5)

Where M; is the mass of the incident (projectile) ion and M, is that of the target ions.
Ey is the initial energy of incident ions and E; is the energy of backscattered ions and 6
is the scattering angle. This kinematic factor provides the mass perception to identify the

constituents in the target material. The RBS facilities at IUAC are utilized and the details of
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FIGURE 2.14: schematic illustrations of the RBS technique.
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FIGURE 2.15: The experimental setup for the RBS measurement at [UAC.

the RBS experiments are given for the present thesis work. The RBS facility setup presented

at IUAC is shown in Figure 2.15.

2.5.3 X-Ray Diffraction

XRD is a fundamental, powerful and non-destructive characterization technique that works
based on Bragg’s law (Equation 2.6). It is used for identifying the crystal structure, texture,
crystal orientation, particle/grain size and phase of the material (films or power). It also
gives structural parameters such as crystal defects, average crystallite size and strain[12].

The process is governed by the Bragg’s Law.

2dsinf = nA (2.6)
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where d is interplanar spacing, 6 is the diffraction angle and A is the wavelength of
X-rays. XRD is based on the principle of constructive interference of monochromatic X-
rays, when incident on film or powder, the atomic spacing of planes with spacing d, and
at a Grazing angle 0 as shown in Figure 2.16. According to Bragg’s law (Equation 2.6) the
wavelength of electromagnetic radiation which relates to the diffraction angle and the lattice

spacing in a sample, and produces peaks in the X-ray diffraction pattern.
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FIGURE 2.16: schematic illustration XRD.

TABLE 2.6: The Technical specifications of the GI-XRD and XRR instrument .

Model : Bruker D8 Discover

Source : Cu target

Power : 2 kW
Detector : X, filled Count rate or

Proportional detector
diffractometer goniometer

Modes of operation : Vertical & Horizontal
Accuracy : =+ 0.0025
260 ° Measurement range | : 30 to 136°
Diffractometer radius | : 130 to 230 mm

XRD set up basically consists of three elements: an X-ray tube, a sample holder, and an
X-ray detector. X-rays are generated in a cathode ray tube by heating a tungsten filament to
produce electrons, accelerating and directed to bombard the target material by applying a
DC voltage [13]. It produces K, and Kﬁ characteristic X-ray spectra. Mostly, Cu, Fe, Mo, Cr
are the target materials used. Copper is one of the most common target material among all
other targets for single-crystal diffraction, with Cu K, radiation = 1.5418 A. These character-
istics (K,) X-rays are filtered by passing through matched filters and produces monochro-
matic rays. These x-rays will pass through collimators and directed towards the sample

(Figure 2.16(b)). The diffracted ray produced from this sample is detected by a detector,
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FIGURE 2.17: XRD facilities installed at SoP, UoH.

which gives the XRD pattern. The peaks obtained from the XRD patterns were indexed by
using the Joint Committee on JDPDS or PDF-4 software [14].

The incident angle of X-rays should be very small for thin or sub-micron thickness films,
so that it suppresses the information of the substrate and gives maximum details of the film
and this process is called GI-XRD. This system can be operated in two modes as GI-XRD
and XRR. The facilities are shown in Figure 2.17 In this present work, the crystal structure
of the films was examined in a Bruker D8 Discover GIXRD with a Cu K, line of 0.15406 nm
wavelength and incident angle of 4°. Similarly, the XRR measurement is performed for the
sample to estimate the thickness of the films. The technique specifications of the system are

given below in Table 2.6.

2.5.4 Field Emission Scanning Electron Microscope

FESEM characterization is one of the versatile techniques used for the studies of surface ex-
ternal morphology (texture), chemical composition, and crystalline structure and orientation
of materials. SEM analysis is considered to be "non-destructive", that is, x-rays generated
by electron interactions do not lead to volume loss of the sample, so it is possible to analyze
the same materials repeatedly. The FE electron gun produces an electron beam of required

energy. By applying a high electric field to the metal surface, the electron is emitted from the



2.5. Structural, Microstructural and ion beam characterization techniques 63

filament cathode. The filament is made of a Tungsten wire of diameter about 0.1 mm. Under
vacuum, electrons generated by a Field Emission Source are accelerated in a field gradient.
The beam passes through Electromagnetic Lenses, focusing on the specimen. As a result of
this bombardment, a detector collects and detects the secondary electrons and an image of
the sample surface is constructed by comparing the intensity of these secondary electrons to

the scanning primary electron beam [15,16].

HfO, film

FIGURE 2.18: (a) schematic illustration of scanning electron microscopy (b)
Carl ZEISS, FEG, Ultra 55 FESEM system installed at SoP, UoH.

From a field emission source, electrons are liberated and accelerated in a high electric
field gradient. These primary electrons are focused and deflected by electronic lenses within
the high vacuum column chamber to produce a narrow scan beam that bombards the object.
Images are produced from backscattered electrons with contrast that carry information on
the differences in atomic number, whereas secondary electrons give topographic informa-
tion. The facilities are shown in Figure 2.18 In this present work, the surface morphology of
the films was examined in a Carl Zeiss, FEG, Ultra 55 FESEM. The technique specifications

of the system are given below in Table 2.7.

A. Energy Dispersive X-ray Spectroscopy

The EDS is a non-destructive characterization technique used to detect chemical contami-
nation (the type of elements and the percentage of the concentration of each element of the
sample) present in the sample. When the high energy electrons are incident on the sample,

inner shells are ionized and X-rays are emitted where these inner shells are filled by outer
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shell electrons. The energy of emitted characteristic X-rays is a signature of the ionized atom.

Figure 2.19 shows schematic diagram of the EDS of the characteristic X-ray emission.

kicked-out ..
electron ™~ -

radiation
energy

FIGURE 2.19: The schematic diagram of the EDS.

TABLE 2.7: The Technical specification of the FESEM and EDS instrument.

Model : | Carl Zeiss, FEG, Ultra 55
Resolution : 3.5nm at 30 kV
Accelerating Voltage | : 0.2to 30 kV
Magnification : upto 500 kX

In the present thesis, the chemical composition of HfO, is determined by using the EDS
technique. The spectra are obtained from an in-built EDS setup in the FESEM system of
Oxford instruments. The operating voltage of 20 kV is used. INCA software is used for the

analysis of the spectra.

2.5.5 X-ray photoelectron spectroscopy

XPS is a surface-sensitive technique that gives the quantitative information about chemical
composition and bonding of electronic states within a few nm range depth from the top
surface of a sample. When a focused beam of X-rays is directed onto a sample, it measures
the kinetic energy of electrons from the top surface of the sample by analyzer and counts
(number of electrons by electron detector). A schematic of the XPS is shown in Figure 2.20(a).
The binding energy of the electrons and the number of electrons provide information about

the detected element [15,17]. The main disadvantage of XPSis that it is a destructive method.
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FIGURE 2.20: a) schematic of X-Ray Photoelectron Spectroscopy and b) AXIS
ULTRA Multi-technique X-ray Photoelectron Spectroscopy installed at IISc,
Bangalore.

TABLE 2.8: The Technical specifications of the XPS facility at IISc, Bangalore.

Model : Kratos Axis Ultra
Anode HT (kV) : (1-15, typically 15)
Source (Al Mono) X - rays with energy | : Al Ka X- rays,
Epnoton 1486.7 €V
Emission current (mA) : (1-20, typically 15)
Spot Size : | small spot capabilities
(< 15 microns)
Resolution : | Pass energy 20 or 40 eV

In the present thesis work, XPS of AXIS ULTRA facility, at IISc, Bangalore as shown in
Figure 2.20(b) is used to identify the peaks of the Hf and O bonding for the RRAM devices.

The technical specifications are given in Table 2.8. The facility is accessed through INUP.

2.5.6 Ultra Violet-Visible-Near Infrared (UV-Vis-NIR) Spectroscopy

UV-Vis-NIR is one of the basic techniques to study the interaction of light with matter [18].
It covers from 200 to 2600 nm range in the electromagnetic radiation spectrum. Basically, the
reflection or absorption of the sample depends upon the transparency of the sample when
light (UV region to the NIR region) falls on it.

For the present thesis work, UV-Vis-NIR (model: JASCO V-570) double beam spec-
trophotometer [18] is used and shown in Figure 2.21. The light wavelength ranging from
200 to 2500 nm was used to perform the transmission and absorption measurements on the
films (HfO;) deposited on the Quartz. Pure quartz (air medium) was used as the reference
for all the above spectroscopy measurements. The technical specifications are given in Table
2.9.

The light source of the deuterium (D;) lamp is used for UV and a halogen lamp is used

for the Vis-NIR spectrum of regions. Based on the range of wavelengths, from the light
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FIGURE 2.21: a) Schematic diagrams and b) facility at SoP, UOH of UV-Vis-
NIR spectrophotometer.
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TABLE 2.9: The Technical specification of the UV-Vis-NIR instrument.

Model UV - Vis - NIR Spectrometer
JASCO V -570
Source Deuterium (UV), Tungsten - Halogen
(Vis/NIR)
Detectors Photomultiplier tube for UV- Vis,
Lead - Sulphide cell (PbS) for NIR
Wavelength Range 200 - 32600 nm
Scan Speed 0.3 to 1200 nm/min
Accuracy =+ 0.15 nm for UV/Vis
=+ 0.6 nm for NIR
flatness of Base line +0.001 A, 4 nm slit
modes of operation Scan, time drive, wavelength
programming, concentration
Accuracy of Photometric 4+ 0.003 Aor + 0.08% T

source, it gets reflected from the mirror (M;). Then the reflected beam passes through the
slit-1(S-1) and strikes the diffraction grating which acts as a monochromator to use the se-
lected - wavelength. The required output light (wavelength) beam is passed through the
slit-2 (S-2), then it allows passing through the low/high filter. The beam finally hits the

mirror (M) before getting split by a half-wave plate.

2.5.7 Photoluminscence

PL is a non-destructive technique and the one of the most used Photo spectroscopy tech-
niques to study the electronic and defect states of the solid thin film, powder and liquid
materials. The light from the source is directed on to the sample by using controlled optics
as shown in Figure 2.22 (a) schematic view and (b) the instrumental set up facility at UoH.

When a material is excited with electromagnetic radiation, some of the photons are absorbed
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by the material. The absorbed photons excite the inner electrons to the excited states and
this process is called photo-excitation. The excited electrons come back to the ground state

by losing energy via photons, this process is called photo-luminescence.
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FIGURE 2.22: a) Schematic illustrations and b) facility at SoP, UOH of photo-
luminescence.

TABLE 2.10: The technical specifications of the photoluminescence instru-

ment.
Model : Flouolog 1427C-Au
source : 450 W Xenon lamp Ozone
resolving type lamp housing
Excitation and : Concave, blazed holographic
emission monochromators grating, F/2.5, 1300 grooves/mm
Measuring wavelength range | : 220-750 nm and 0 order as

standard 220-900 nm with the
optional R928 photomultiplier

Spectral band with : 6 nm
Wavelength : 1.5nm
Sensitivity : The S/N ratio is 150 or
Wavelength slewing speed | : about 20,000 nm/min

Continuous lamp (Xenon) is used for the PL measurement in the excitation wavelength
range of 220 to 990 nm [19]. The excitation radiation is passed through the monochroma-
tor then focused on a sample (incident direction). The emitted photons are collected at an
angle of 45 ° with respect to excitation light. The technical specifications are given in Ta-
ble 2.10. One of the main objectives of the present thesis work is to investigate the defects

creation/modifications in the HfO, material for all the samples.
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2.6 Transport properties

The transport properties of the fabricated RRAM devices are measured by using the Agilent
B1500 A SDA facility installed at CFN, UoH. The key parameters such as formation, set,
reset voltages and similarly, I-V, endurance and retention of these RRAM devices have been
measured. The facility is shown in Figure 2.23. The computer system or SDA (Figure 2.23(a))
along with a stage of the probe station (Model: Signatone-S1160) (Figure 2.23(b)) is attached
to it [20]. A microscope is attached to a probe station to identify the correct place to land the

probes. The probes are Gold coated tungsten with a tip diameter of 20 ym.

Shot on OnePlus

By Be

FIGURE 2.23: Photograph of Agilent B1500 semiconductor device analyzer
and, attached with a Signatone probe station.

TABLE 2.11: Voltage and sampling measurements parameters.

I-V Sweep I/ V-t Sampling
Voltage range | Given in respective Read voltage 100 mV
measurements
Voltage step 10 mV Sampling interval | 60s
Hold time 100 ms Hold time 10 ms

Basically, the SDA consists of both voltage and current sweeps inbuilt B1511, with an
MPSMU. The limits of MPSMU as voltage and current in the range 0 — 100 V and 0 — 100 mA
respectively and further the maximum voltage and current resolutions are 0.5 ¢V and 10
fA, respectively. The Easy expert software of SDA enables the program to run user-defined
measurements using SMUs. Voltage sweep is used for I-V and endurance measurements
whereas, I/ V-t sampling is used for retention measurement. Voltage sweep and sampling

measurement parameters are given in Table 2.11 .
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2.7 Conclusions

Principles of various synthesis, irradiation and characterization techniques used in this
work are discussed. The capabilities and limitations of the specific equipment used in this

thesis are also discussed. Specific experimental parameters are given in respective chapters.
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Chapter 3

Optimization of HfO, thin films for
RRAM device fabrication

3.1 Introduction

In IC fabrication, the preparation of the thin films plays a pivotal role [1]. Basically, the thin
film is defined based on the layers thickness ranging from few nanometres to micrometres.
The films have various applications in the present industry such as optoelectronics, micro-
electronics, solar panels, and magnetism [2-5]. The materials are chosen depending upon
their specific applications. In certain cases, these depend on the surface or the bulk film of
the material [1].

The thin film deposition is carried out by various methods such as the PVD methods us-
ing solid form material transport and film nucleation [6]. Whereas a solution or a gas form
is used for the chemical synthesis method such as CVD [7], ALD [8], sol-gel method [9],
dip coating method [10] and spin coating methods [11] come under the chemical synthesis
category. Basically, initial stage material is in liquid or gaseous form for chemical synthe-
sis and in solid form in case of the PVD methods. In the PVD system the atomic species
travel through a distance from source material target onto the substrate and get deposited
due to the applied bias on the target[12]. In general, the famous PVD methods such as RF
sputtering [12], e-beam Evaporation [13], and PLD [14,15] are useful for both insulators and
metals deposition. similarly, Thermal Evaporation [16], and DC sputtering are better suited
for depositing metals[12].

As mentioned above, a few deposition techniques such as, RF/DC magnetron sputtering

are employed to optimize and fabricate the thin films. In this, an external power source is
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applied to the target, a low-pressure gas in the chamber creates plasma and the ions are
made to collide with target material, travers through and get deposited on the substrate.
Most of the experiments using the sputtering technique are performed in the inert gas (such
as Ar) atmosphere. In the present thesis work, the Ar gas has been used to perform the
sputtering technique for HfO, based thin films deposition. In RF sputtering technique, when
the Ar ion hits the target source material (negatively biased with respect to the substrate)
it ejects the atoms from the target. These atomic species travel through a distance in the
vacuum chamber and get deposited and then condense on the surface of the substrate. In
a continuous process, more and more atoms condense at substrate and form the film. The
dielectric materials such as HfO, is deposited by many techniques, including RF Magnetron
sputtering technique. This simple and more economic method gives better uniformity and
good control of the deposition conditions for the films. HfO,, a high-k dielectric material has
immense possibilities and various applications in present IC industries, microelectronics,
storage devices, solar devices, solar cells and, optoelectronics [17-20].

In the present chapter,we elaborately discuss about the HfO, film deposition conditions
and studies such as surface morphology, structure, stoichiometry of the films. The opti-
mization conditions for fabricating the HfO, based RRAMs for NVM devices, have also

been discussed.

3.2 Experimental details

HfO, films were deposited by using RF Magnetron sputtering on Si and quartz substrates.
The HfO, target of 2-inch diameter, 5 mm thickness and 99.99 % pure (commercially pur-
chased) has been used for the deposition of the films. The standard RCA cleaning process
was adopted for cleaning the substrates [21]. Initially, the cleaned samples were loaded in
the chamber and the chamber was evacuated to a base pressure of 8 x 10~® mbar. The de-
position was performed by introducing some pure Argon (Ar) gas into the chamber. The
p-type (1-10 Q3-cm ) Si (100) substrates were used to study the structural properties, surface
modifications and thickness of the films. Similarly, quartz substrates were used to investi-
gate the optical properties of these films.

To obtain optimum thin film deposition conditions, the substrate to target distance (12

c¢m) and Ar gas pressure (30 SCCM) are fixed based on previous experiments[22]. The time
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of deposition is varied from 15 to 120 minutes. Different characterization techniques have
been used to analyse these films. FESEM is used to study the structural and surface mor-
phology of the films while EDS and XPS are used for the elemental composition. The thick-
ness of the film is estimated by using a Profilometer and XRR measurements. Further RBS
is employed to confirm the stoichiometry, elemental composition, and film thickness. HfO,
on quartz substrates were used to investigate the optical properties (transmission spectra)
of the films.

RBS measurements were performed using 2 MeV He?* ions at a scattering angle of 165°.
Calibration offset and energy per channel were estimated to be 96 keV and 0.961 keV/ch
respectively, using a calibration sample (Au/Glass), to simulate the RBS spectra. These RBS
measurements were carried out at IUAC, New Delhi. SIMNRA-7.1 software [23] was used
to analyse the RBS data. The in-house Bruker D8 Discover diffractometer equipped with Cu
Ka (A= 15405 A) was used to perform the XRR measurements.

The optical characterization of the films deposited on quartz substrates was carried out
by using UV-Vis-NIR spectroscopy. Transmittance measurements were performed in the
wavelength range of 190-2000 nm using JASCO V-570 Photo Spectrometer. The optical
properties of the films were calculated by using an envelope method [24]. The refractive

index of the films is derived from the following equations[25].

N = 25Ty — TpuTas. T + S> + 12 (3.1)

n= \/(N + 1/ (N?) + S2) (3.2)

where n is the refractive index of the material, S is the substrate refractive index, T); and
T, are the two adjacent maxima. Thickness of the films is calculated from the transmittance

spectra by the following equation [25]

t= )\1)&22(/\21’11 — /\11’12) (33)

where t is the thickness of the film, A, A; are the wavelengths of the two-adjacent con-
secutive maxima or minima. nj, np are the refractive indices at adjacent maxima/ minima

wavelets. The bandgap of the films was calculated by using Tauc’s law [26], which is derived
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from the transmittance spectra. The relevant equation is as follows:

(ahv) = B (hv — Eg)F (34)

where,« is the absorbance, which is derived from the transmittance spectra, hv is the
photon energy, E, is the bandgap of the material, B is the parameter of the absorption edge
width. The exponent p can be determined by the type of the electronic transition. Here
the superscript p value varies from % and 2 depending on the type of indirect allowed, and
direct allowed transition respectively. HfO; is an indirect bandgap material, hence ‘n” value
is equal to 0.5 [27].

FE-SEM: Carl ZEISS, FEG, ultra-55 was used to scan the surface morphology evolved
grains and to measure the film thickness from the cross-sectional image. The deposited
HfO, films have been studied using 5 kV EHT electron gun at different magnification levels.
PL measurements were performed using Fluorolog, Xenon lamp, 450 W, having a resolution
of 0.3 nm. PL measurement is very useful to estimate the defects states formed in the films
[28]. Each of the films was excited with 300 nm wavelength and the emission was measured

in the range of 315 to 700 nm.

3.3 Results and discussions

3.3.1 variation of deposition time

The deposition of the HfO, film on Si and quartz substrates has been carried for different
intervals. Various characterization techniques have been employed to study the thickness,
surface morphology, quality and stoichiometry of these films. Deposition time is varied from
15 to 120 minutes. The thickness of the film is analyzed and estimated by employing various
techniques such as profilometer, RBS, XRR, and further study by optical measurement. It is
observed that the film thickness is increasing as time increases, as expected (see in Table 3.1).

The XRR patterns of the HfO, films deposited with different durations are shown in
Figure 3.1. It is observed that the films deposited at fixed RF power by varying deposition
duration are mainly amorphous in nature. From these reflectivity curves, layer parameters
such as thickness and density, interface and surface roughness can be determined, regardless

of the crystallinity of each layer (single crystal, poly crystalline, and amorphous). At some
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TABLE 3.1: The comparison of film thickness measured by XRR and RBS mea-

surements.
Film thickness
Deposition time (minutes) | XRR (nm) | RBS (nm)
10 15 -
15 22 10
30 38 35
60 58 57
- {3 XRRData -
N =
£ =
& &
Z () E
- O XRRData | —~ O XRR Data
£ £
& g
-‘g '%
Z o) & 2 |(d)
0.5 1.0 15 2.0 25 3.0 0.5 1.0 1.5 2.0 25 30
20 (deg) 26 (deg)

FIGURE 3.1: The XRR spectra of the films of different duration for deposition
(a) 15 minutes, (b) 30 minutes, (c) 60 minutes, (d) 120 minutes of HfO, on Si
substrates.

critical angle, the reflectivity begins to decrease exponentially and it is found to be ~ 0.6° for
these samples with Si as substrate.

The RBS spectra of films obtained with varying the time of deposition are shown in
Figure 3.2. Calibration offset, energy per channel were estimated to be 96.47 keV and 0.96
keV/ch respectively by using a calibration (Au/Glass) sample. The peak showing at 1800
channel number represents the Hf peak and a small hump at 650 channel number showing
‘O’ peak. The physical thickness of the film is calculated by dividing it with the nominal
density of bulk HfO, which is 8.4 atoms/cm?. The physical thickness of the films for the
deposition time 15, 30, 60, and 120 minutes respectively are listed in Table 3.1.

EDS is performed for all these films and the stoichiometry of the HfO, films is found
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FIGURE 3.2: The RBS spectra (red) and simulation spectra (black) of the films
deposited at different times (a) 15 min., b) 30 min., and c) 60 min.
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FIGURE 3.3: EDS spectra and FESEM images of a) HfO,/Si and b)
HfO,/Au/Si sample (Representative).
to be reasonably good if the time of deposition is above 30 minutes. Figure 3.3 shows some
representative results: a) HfO,/Si and b) HfO,/Au/Si of EDS images and corresponding
FESEM images. The substrate percentage (such as Au, Si) is subtracted then, weight % is
found to be 85% for Hf element, similarly 14 % for the O element and shown in Table 3.2.

TABLE 3.2: The weight and atomic % calculation for HfO, /Si film.

Element | Weight | Atomic
(%) (%)

@) 14.10 65.14
Hf 85.90 34.86
Total 100 100

The XPS data revealed that the elements present in the films are hafnium and oxygen
only. The high resolution core level spectra for the Hf 4f and O 1s of the films deposited
at different duration are shown in Figure 3.4 . The binding energy of Hf 4f peak is about
16.5- 17 eV. The spectra of the films show the presence of the peaks corresponding to the
4f7/2 and 4£5/2 levels of Hf in HfO,(spin orbit splitting). The 4f7/2 peak position (~16.2
eV) is same for these films. The separation between the peaks of 4f7/2 and 4f5/2is 1.6 eV. It
can be interpreted as charge transfer effects promoting the peaks position at higher energy
levels [29]. The O/Hf ratio present in the films was extracted using the conventional relative
sensitivity factors for the two elements (Hf 4f: 2.221, O 1s: 0.711) and the peak areas. O/Hf
ratio is found to be around 1.98 which is closely associated to the stoichiometry of the HfO,
film.

HfO; films deposited on quartz substrates were characterized by UV-Vis-NIR spectroscopy.
HfO, is a wide bandgap material of about 5.7 eV and almost transparent from near UV to

far IR region. The transmission spectra of HfO, films deposited with various RF powers is
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FIGURE 3.4: Core level XPS spectra of the HfO; films a), c) Hf 4f, and c), d) O
1s for 50 and 30 nm films respectively.
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shown in Figure 3.5(a). The preliminary observation is that the transmittance exhibits overall
80 to 90 % of transparency. The bandgap of these thin films is estimated from transmission
spectra (Figure 3.5(b)). The material HfO; falls under the indirect bandgap category, hence

‘n’ value may be considered as 0.5 [27]. The plots between (x.hv) 0.5 vs (Energy) are shown
in Figure 3.5(b).
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FIGURE 3.5: The optical properties HfO, films for different time duration of
deposition a) transmission spectra and b)optical bandgap spectra.

Here, the extrapolated linear portion of the curve gives the bandgap value of the HfO,
film. Hence, the bandgaps of these films are estimated to be 4.2 eV, 4.5 eV, 4.8 eV, and 5.2
eV respectively for 15, 30, 60, and 120 minutes duration of deposition. The variation of the
bandgap values with variation of time duration of the deposition is an indication for the

film improvement of the quality and growth kinematics with time [30]. The defects creation
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and density variation in the films may cause the non-stochiometric films interns’ variation
in the band gap of the film. Here it is important to know that the nucleation and growth
kinetics critically depend on the morphology and other properties of the substrates [6,31].
Hence the quantitative comparisons between films deposited on Si and quartz may not be
appropriate. However, this study gives rough estimate of the possible bandgap and other

optical properties.

FIGURE 3.6: FESEM images of HfO, films deposited at different times: a) 15
min., b) 30 min., ¢) 60 min., d) 120 min. for Si substrates respectively.

FIGURE 3.7: FESEM images of HfO, films deposited at different times: a) 15
min., b) 30 min., ¢) 60 min., d) 120 min. for Au/Si substrates respectively.

FESEM images for HfO, films grown with varying time of deposition are shown in Figure
3.6(Si substrate) Figure 3.7(Au/Si substrate). FESEM technique is very useful to understand

the surface morphology, uniformity, grain size and quality of the film. As time of depo-

sition increases; the surface morphology, the grains and particles agglomeration has been
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found to increase. For 120 minutes deposition, the agglomeration of particles is uniformly
distributed over the surface. The structure is possible at higher deposition rates and tends
to localize surface free energy leading to higher nucleation rates [31]. In this connection, it is
worth mentioning earlier reports [32], which are also in support of our present results [33].

As the deposition time increases the formation number of particles and film thickness also

increases.
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FIGURE 3.8: The Photoluminescence spectra HfO, films at different times: a)
15 min., b) 30 min., ¢) 60 min., d) 120 min. for Au/Si substrate.

The PL spectra of the HfO, films deposited at various durations are shown in Figure
3.8 The excitation energy was 3.5 eV which is less than the bandgap of the HfO, (5.7 eV).
Hence the observed emission can be attributed to defect induced mid-bandgap states. A
preliminary observation suggests that the intensity of the PL peak increases with duration
of the deposition which might be due to increase of film thickness. The PL spectra are
relatively broad and the emission is in the range of 2.2 eV to 3.4 eV. The film deposition
duration of 15 minutes, 30 minutes and 60 minutes show almost similar kind of spectra
except a minor change in intensity. For 120 minutes of duration, emission spectrum shows
a shift in peak and positioned at 3.1 eV,indicating possible stress in these films All these
spectra are deconvoluted using peak fitting program for peaks at various energy levels are
shown in Table 3.3. Previous reports suggest that the observed PL is due to shallow and

deep level oxygen related defect states or F-centers in HfO,[34,35]. Hence,the defect peak
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positioned at 2.7 eV corresponds to doubly charged oxygen vacancy (Vo>") and similarly at
2.9 eV defect peak corresponds to singly charged oxygen vacancy (Vo ™1)[34,35].

TABLE 3.3: The details of peak energy for various times of RF sputtering de-
position of the thin films.

Device name | Energy of peak position (eV)
15 246 | 271 | 2.85 2.99
30 2.50 | 2.68 | 2.80 2.94
60 249 | 2.71 | 2.87 3.07
120 249 | 271 | 2.87 3.07

3.3.2 A study of different bottom electrodes for RRAM applications

HfO, based thin films of different thicknesses (30 and 50 nm) deposited on different metal
surfaces (such as Au, Al, Pt and Au) have also been studied and presented in this section.
The RF sputtering power was maintained at 60 W and the Ar gas inlet is set at 30 SCCM. The
duration of the deposition was varied and the deposition was performed at room tempera-
ture. Film thickness was estimated and is consistent with that of the previous section. The
FESEM measurement has been performed to characterize the surface morphological study,

grain growth, porosity and micro structures of these deposited films.

FIGURE 3.9: FESEM images of HfO, (50 nm)films deposited on metal sub-
strates a) Al, b) Cu, ¢) Au and d) Pt substrates respectively.

HfO, film deposited on Pt metal seems to be of porous nature in this study. Figure 3.9 and
Figure 3.10 shows the FESEM images of HfO, films deposited for 30 minutes and 60 minutes

on different metal surfaces. Here, the films deposited on Cu metal substrates are clearly
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FIGURE 3.10: FESEM images of HfO, (30 nm)films deposited on metal sub-
strates a) Al, b) Cu, ¢) Au and d) Pt substrates respectively.

showing the grain boundaries. Hence, this study provides very useful information on film
growth and micro structure dependence on initial substrates. It is observed that as the du-
ration of the deposition time increases the thickness is increased as expected. The porosity
of the film’s is less with more number of grains of smaller particles. The film uniformity is
better and film is continuous as the duration of deposition increases.

The IV characteristics of the different bottom electrode material based MIM structured
RRAM devices are shown in Figure 3.11. The comparison of parameters of these devices
are shown in Table 3.4. The resistance ratio is found to be large for the Pt based devices
whereas the number of switching cycles are more for the Au as bottom metal electrode. The
large Resistance ratio may be expected due to the possibility of forming an interfacial layer

between Pt bottom electrode and the insulating or active layer.

TABLE 3.4: A comparison of switching parameters for different bottom metal

electrodes.
Bottom electrode Au Al Pt
Set voltage (V) 2.0 2.5 2.0
Reset voltage (V) -0.45 -1.5 -0.5
Reset current (mA) 10 80 3
Resistance ratio (Rofs /o) | 10* | 5X10* | 10°
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3.3.3 Effects of annealing temperatures on the HfO, thin films

The surface morphological changes have been studied for samples subjected to thermal an-
nealing treatment of the HfO,/Si and HfO,/Au/Si substrates. These annealing effects on
surface and nucleation of the particles in HfO, films have been studied from temperatures
ranging from 100 °C to 500 °C. Figure 3.12 shows the FE-SEM images of pristine and an-
nealed HfO, films at different temperatures. The films deposited at room temperature and
annealed up to 400 °C, unveil the amorphous nature as observed by XRD patterns. The mi-
cro structure and surface morphology of these films are exhibiting uniformity up to 400 °C.
Furthermore, for increasing the annealing temperature the formation of grains like morphol-
ogy is evident. The possibility of the HfO, molecules diffusion and mixing the surroundings

there by making grains on surface of the film.

FIGURE 3.12: FESEM images of HfO, films deposited and annealed at differ-
ent temperatures: a) P, b) 200 °C, c) 400 °C, and d) 500 °C.

The Figure 3.13 shows the GI-XRD pattern of pristine and the annealed HfO, thin films.
Amorphous nature has been observed up to a temperature of 400 °C for these films. Upon
increasing to 500 °C, the surface is found to show grains Growth/formation of grains and
transforming to crystalline nature is observed in these samples. The obtained diffraction
peaks matches with the standard JCPDS file [PDF No 06-0318] having monoclinic phase of

Py1,. space group. The observed peaks are found to be at angle of 26 = 28.5°, 31.71° and 34.7°
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FIGURE 3.13: GI-XRD spectra of pristine and annealed of HfO,/Au/Si thin
films.

0

corresponding to the diffraction planes (-111), (111) and (200) respectively. At 500 °C the (-
111) diffraction peak of monoclinic may be inferred as the starting point of phase formation
and also in support of the low intensity shown. Although, the phase formation depends on
the surface free energy at particular temperatures.

The RF sputtering based HfO, film deposition for 30 and 60 minutes are found to be the
better optimized films. Furthermore, studies are carried on these parameters to fabricate the
HfO, based RRAM devices. Annealing of the thin films showed the phase formation and

enhancement in the uniformity of the films.

3.4 conclusions

The RF sputtering conditions are studied for growth and formation of microstructures of
HfO; thin films. HfO, thin film growth and micro structures on different metal surfaces are
investigated. Depending on the bottom metal surface combination, differences of surface

structures were observed. Growth parameters, annealing conditions and metal electrodes
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are optimized for fabricating HfO, based RRAM devices.These studies have provided useful

information for performing the fabrication work presented in next chapters.
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Chapter 4

Effects of gamma irradiation on the
performance of HfO, based RRAM

devices

4.1 Introduction

As discussed in previous chapters, the RRAM technology has attracted a wide range of
applications in current and emerging digital and smart devices. Development and opti-
mization of RRAMs using micro-electronic compatible materials are of great significance
in the modern integrated circuit technology. Hence it is interesting to study the new al-
ternate high-k dielectric material, HfO,, as an insulating medium for RRAMs. Thin HfO,
film can be sandwiched between two metal electrodes to form simple MIM structures[1,2].
Earlier studies have demonstrated that the RRAMs have certain advantages over conven-
tional NVMs. The key features include the fast switching (ns), high memory density, high
retention and endurance. These properties make RRAMs potential candidates to replace the
floating gate and other conventional devices [3-5]. Radiation damage and reliability studies
attain significance as these memory devices will eventually be used in deep space and other
radiation environments like nuclear labs.

In this chapter, we present a study on the effects of gamma irradiation on the switching
properties of HfO; based RRAM devices. It is well-known that the transistor-based memory
devices are highly sensitive to radiation effects. The floating gate in Flash memory needs
very accurate operating threshold voltage. Hence the radiation induced electron-hole pairs,

carrier traps and broken bonds can severely affect the performance of these floating gate
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devices[6,7]. The objective of this chapter is to study the radiation tolerance of HfO, based
RRAM devices.

In RRAM devices, normally the switching takes place by the formation of conductive
filamentary like structures, which is independent of the charge storage capacity in the ox-
ide[6,7]. Hence, it is essential to study the influence of gamma radiation on the switching
properties of (HfO,) based RRAM devices[8-10]. The defects in the oxide [7,11] will affect
the performance of the device by means of a change in the resistance value corresponding to
HRS and LRS. Gamma irradiation can lead to an increase in the required compliance current
during this set process.

This chapter presents a study on the effects of high dose gamma irradiation on the perfor-
mance of HfO, based RRAM devices. Furthermore, the effects of bottom electrode material

on the performance of RRAM devices have also been studied[8,13].

4.2 Fabrication and characterization of HfO, based RRAM

4.21 Sample cleaning and Device fabrication

Boron doped p-type Si (100) [1-10 O)-cm resistivity] samples were cleaned by ultra-sonication
in acetone and deionized water for 10 min. Then these samples were dipped in 10 % HF so-
lution for 2 min to remove the native oxide. A 5 nm thin layer of Cr was deposited by
e-beam evaporation at a vacuum level of 1 x 10 ~® mbar. This layer gives more adhesiveness
to Au and Si. 100 nm thick of Au and Pt as bottom electrodes were deposited by using the
thermal evaporation. HfO; films of 30 nm and 50 nm of thickness were deposited by using
RF sputtering technique through a mask of 2 mm in diameter. 100 nm thick Ag dots of 1 mm
diameter were deposited on the surface of HfO, dots using a mask to fabricate the required
MIM structures as RRAM cells. A schematic showing the structure of these devices is show-
ing in figure 4.1 From these, the film with thickness 30 nm of HfO, devices were used to
study the effects of the bottom electrode as well as gamma irradiation on their performance.
The device structures, their experimental details, and the details of gamma irradiation are
listed in Table 4.1.

RBS is employed to estimate the thickness and elemental composition of HfO, films
deposited in the same run but on a Si substrate. 2 MeV He * beam has been used to char-

acterize these samples at [IUAC, New Delhi. RBS was performed at an annular geometry,
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TABLE 4.1: The details of the different metal top electrode RRAM devices.

Sample ID Device name flim thickness Doses
(nm) (KGy)

D, Ag/HfO,/Au/Si 50 12,24 and 48

Dy Ag/HfO,/Au/Si 30 12,24 and 48

Ds Ag/HfO, /Pt/Si 30 12,24 and 48

Semiconductor Device Analyzer

FIGURE 4.1: Electrical connections setup of Ag/HfO,/Au RRAM device.

with a scattering angle of 6 = 166 °, an incident angle of « = 6 °, and an exit angle of g = 8
¢. The calibration offset value is 86.102 keV and energy per channel is 0.9724 keV/ch. RBS
simulations were performed using SIMNRA 7.02 version software [10]. The thickness of
the samples was also estimated by using Ambios XP 200 Profilometer. Bruker D8 Discover
X-ray diffraction facility equipped with Cu Ka (A = 1.5405 A) radiation was used for per-
forming GI-XRD measurements. FESEM (model: Carl ZEISS, FEG, Ultra 55) was used for
surface morphology imaging.

The samples were irradiated by ®*“Co gamma (1.25 MeV) rays by using the 1200 Gamma
chamber available at IUAC. Gamma irradiation was performed with a dose rate of 4.64
kGy/hr on these samples. The samples were irradiated at 24 kGy dose. The electrical mea-
surements such as endurance cycling and retention time test were performed using an Agi-

lent technologies B1500A semiconductor device analyser.
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4.2.2 Film characterization

Figure 4.2 shows the RBS spectrum and the corresponding SIMNRA fit of HfO,/Si sam-
ple. The peaks corresponding to Hf and O are clearly observed in the RBS spectrum. The
width and area under the curve of these peaks are employed to make initial estimates of the
thickness and the composition of these films. Then the SIMNRA simulation is performed
by varying the film thickness and Hf and O ratio to fit to the experiment data. From these
calculations of Hf and O ratio, it is confirmed that the thickness of films is around 50 nm by
assuming the standard density of HfO, (9.68 g/cm?). The thickness observed by RBS is in
agreement with that estimated by Profilometer (~ 55 nm). The films ratios are found to be
of oxygen rich (Hf:O :: 1:3.5) by RBS analysis. Generally Hf-rich films are expected as the
sputtering rates are high for metals, particularly when the sputtering is performed in inert
(Ar) ambiance. However the films seem to be oxygen rich and the excess oxygen may be

located in void / interstitial spaces within the oxide / the interface.
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FIGURE 4.2: The RBS spectrum and the corresponding SIMNRA fit.
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4.3 results and Discussions

4.3.1 I-V Characteristics of Ag/HfO,/Au/Si (D;) RRAM

MIM structures were fabricated using the as grown films in this study. The performance of
these RRAM devices is investigated by studying the key parameters such as i) resistance ra-
tio (the discrimination between the two resistive states), ii) retention time test (The durability
of the same state) and iii) the endurance cycling (No of switching cycles). These properties
are investigated by performing I-V measurements of the RRAM devices using an Agilent
B1500A semiconductor device analyser. The basic and critical features of these MIM struc-
tures have been elucidated by examining several devices that are fabricated in the same and
similar runs over longer times durations.

The Switching characteristics of the device are shown in Figure 4.3 (a). The devices are
found to be of bi-polar type in nature. The set and reset occur at —1.12 V and the immedi-
ate reset 4 0.56 V, respectively. A compliance current of 5 mA is used for the set (i.e. from
HRS to LRS) operation, termed as Icc is used. This is to protect the device from the per-
manent breakdown. The HRS and LRS resistance values estimated to be 45 k() and 350 ()

respectively for these devices.
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FIGURE 4.3: Switching characteristics of the Ag/HfO,/ Au device structure in
(a) bipolar, (b) endurance cycling.
The leakage current across the MIM structures is measured as a function of voltage on
electrodes in the range of 0 to 5 V. As expected, the device is initially in the high resistance

state. At a certain voltage, the high resistance state is changed to low a resistance state
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resulting in a sharp increase in the current (occurrence of soft breakdown) may be due to the
formation of filament like structure that act as conducting paths between top and bottom
electrodes [14-17]). This voltage is termed as Set voltage. A reverse voltage (0 to -5 V) is
applied to get back its initial high resistance state and at this point it is termed as the Reset
voltage.

The endurance cycling of D;(Ag/HfO,/Au) device is shown in Figure 4.3 (b). The mea-
surement is carried out for 50 cycles of set and reset voltages. In these RRAM devices, we
have observed that the switching cycles are consistent during the endurance test when the
reset voltages are in the range of 0.65 - 0.85 V and the set voltages are in the ranges of 1.0 —
1.5 V. The resistive switching in this device is mainly attributed to the formation of conduc-
tive filaments in the dielectric layer [14-17]. The distributive range of the set voltage values
is expected to be due to the uncertainty and randomness of filamentary formation paths.
The occurrence of the filaments need not follow the same path for all cycles (in all measure-
ments). The double logarithm of the current and voltages characteristics of these devices are
shown in Figure 4.4. Ohmic behaviour is observed in LR and at lower voltage region for the
HR state and non-Ohmic nature at higher voltage regions.

BY performing a linear fitting, the slopes are estimated to be 0.96 and 1.05 for the LR
and lower voltage of HR states respectively. The non-Ohmic region has a slope of 1.56
for higher voltages of HR state. Corresponding calculated dielectric constants are listed in
Table 4.2. Further, at higher voltage regions, to calculate dielectric constants, the conduction

mechanism models such as SC and PF (Figure 4.5) are employed.

TABLE 4.2: Slopes of curves in Figure 4.5 and their corresponding calculated
dielectric constants of Ag/HfO,/Au.

Slope
SC | PF
slope 402 | 1.32
Dielectric constant | 2.61 | 98

To realise the conduction mechanisms for the devices, the set (HRS) curves are fitted
with SC (Ln (I) Vs V%) and PF (Ln (I/V) Vs V%3) models. The below equations (4.1) and

(4.2) are used to calculate the dielectric constants of the devices.
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£sc = (KTS)247te (4.1)
3

1 (4.2)

“PF = (KTS') 247,

Where, q is electronic charge (1.60 x10~1) Coulombs, k is Boltzmann constant (1.38 x 1023

J/K), T is temperature (K), g¢ is permittivity of free space (F/m), d is thickness of the film,

and S, S’ are slopes of the curves. Similarly, the esc and €py, is relative permittivity of Schot-
tky, Pool-Frenkel conduction respectively.

The above, Figure 4.6 (a) reveals the variation in set, reset voltages and, (b) resistance val-

ues for LRS, HRS over various switching cycles. It is observed that the range of distribution

in set and reset voltages vary similarly, in HRS for the device.

4.3.2 Effects of gamma irradiation on the switching properties of RRAM devices

A set of fabricated devices were subjected to gamma irradiation at a high doses of 12 kGy
and 24 kGy, and 48 kGy at a constant dose rate of ~ 4.64 kGy/hr at room temperature. I-V
characterization was performed after exposing the devices to gamma radiation.

Gamma radiation generates Compton scattered electrons and the electron-hole (e-h)

pairs in dielectric materials which can further create or mobilize the defects in materials.
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The number of energetic electrons and secondary e-h pairs are known to be directly propor-
tional to the energy deposited in material by gamma irradiation [7,18]. It is evident from
the RRAM devices that the creation of defects effectively gives cumulative effects on device
performance. The observed wide variation in set voltage clearly indicates the randomness
in the selection filament paths that take the device from HRS to LRS and vice-versa. The
randomness in the filament formation process has significantly increased due to gamma ir-
radiation. This is evident by the observed increase in the ranges of set and reset voltage
distributions. Oxygen vacancies (O*>~) are known to be charged in different states. Hence
the motion of oxygen vacancies under electric fields can significantly influence the forma-
tion of conducting filaments in oxide. Similarly, the electro migration of interstitial metal
ions (like Hf) and the metal ions from electrodes in disordered medium can also influence
the filament formation process. Gamma irradiation is expected to produce more oxygen
vacancies which can cause the observed increase in the randomness of filaments formation.

This can result in an undesirable broad range in the distribution of set and reset volt-
ages. This is an important feature that needs special attention in oxide based MIM devices.
However, the controlled production of vacancies at precise depth / location (like by ion
irradiation) has an advantage in reducing the forming voltage [6]. At the same time, the
random production of vacancies as a result of radiation damage has adverse effects. Hence
it is important to understand these effects to improve the reliability as well as the switch-
ing properties of these new class of memory devices. The observed decrease in HRS can be
attributed to the trapped charges and vacancies induced inside the dielectric thin films by
gamma irradiation. Therefore, we can predict that the oxygen vacancy related defects are
dominant and play a major role in the switching mechanism which can be inferred from the
retention test that the resistance state is un-stable and not consistent with the irradiated de-
vice. Further the gamma irradiation can cause annealing effects in the dielectric material [19]
which may lead to phase transformations in HfO, [20]. The performance of these devices
is observed to be adversely affected by the gamma irradiation. The observed difference in
set and reset voltages is very significant. However, the reset voltages did not exhibit much
variation when the devices are subjected to 24 kGy.

At the same time a significant variation is observed in case of the set voltage curves.
From this, we can predict that the gamma irradiation affects the switching characteristics

of the device and this uncertainty of state value will undoubtedly corrupt the data stored
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in it. Hence it is very important to perform more detailed studies in this direction to study
and improve the radiation tolerance levels of these devices. It is interesting to note that
the fluctuations in the retention of HRS state in gamma irradiated samples are much less
when compared to that of the pristine samples. The set voltages variation for the endurance
cycling is ranged from 0.5 to 2.0 V for 24 kGy dose. A detailed comparison for switching
characteristics performance of pristine, 12 kGy and 24 kGy gamma irradiated RRAM devices

are given in Table 4.3.

TABLE 4.3: The Switching characteristics for pre and post gamma irradiated
Ag/HfO,/Au (Dy) devices.

2*Switching parameters | pre-irradiation post-irradiation
As deposited 12 kGy 24 kGy 48 kGy
Set voltage (V) 1.0to 1.5 1.0to 1.8 0.5t02.0 Sho
Reset voltage (V) -1.0to-1.5 -0.65t01.0 | -0.5to-1.25 r
Ry, resistance () 30 50 to 100 10 to 100 t
R, ¢f resistance () 100k to 10 M 1M 2M e
resistance Ratio (Roff/on) 3X10° 10* 2X10°2 d

In this study of the gamma irradiation on the RRAMs, we observe that 24 kGy dose
has significant influence and leads to deteriorating effects on the device performance. The
Resistance ratio value of these devices is also low and hence it is difficult to discriminate the
HR and LR states of the device.

All these devices are measured for a time of 10* s by applying a read pulse of 0.1 V at
equal intervals of 60 s. The probing voltage is chosen to be low so that it will not change
the state of the device. This is meant for estimating the resistance state of the device by
measuring current for an applied voltage. Each resistance (LR and HR) state is measured
independently and the data is shown in Figure 4.7. The retention time data shown in fig
for these devices is consistent with those reported in literature [21]. These measurements
clearly confirm the formation of good quality, reliable and reproducible RRAM devices prior
toirradiation. These devices were then subjected to Gamma irradiation to explore the effects

of defects on their performance and to examine their reliability.
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after 12 kGy, and c) 24 kGy gamma irradiation doses of D; devices.

4.4 Effects of bottom electrode and gamma irradiation on the switch-

ing properties of RRAM devices

4.4.1 I-V Characteristics of pristine devices

As mentioned earlier, 30 nm films were deposited to fabricate two sets of devices, namely
1) Ag/HfO,(30 nm)/Au/Si (Dy) and 2) Ag/HfO,(30 nm)/Pt/Si (Ds) which were fabricated
to study the influence of electrode material (Au or Pt) on the switching parameters and
radiation response of HfO, based RRAM devices. The endurance cycling and the retention
time measurements have been performed and compared. Figure 4.8 shows the set and reset

cycle of un-irradiated (0 kGy) (a) D4 and (b) D5 devices respectively.
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FIGURE 4.8: I-V curves of Set and Reset for both (a) D4 (b) D5 devices.

The switching mechanisms can be understood by invoking the concept of filaments for-

mation and conduction in HfO, matrix. The filament formation may be led by the migration
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of charged oxygen vacancies, to form conductive paths between top and bottom electrodes
through the insulating HfO; layer [14,22]. For Dy device the distribution of set and reset
voltages range from 1.25 to 1.5 V and from -0.5 to -0.75 respectively. Similarly, for D5 device
set voltages are in the range of 2.0 to 2.25 and reset voltages are in the range of - 0.75 to -1.5
V.

It is observed that in case of Pt as bottom electrode devices, the switching takes place
at higher voltages. The HfO, thin layer grown on Pt is expected to offer higher electrical
resistance due to possible oxidation at the interface (formation of Pt-O bonds) [16,23-24].
Whereas in the case of Au, the oxidation at interface is not expected. If the switching mech-
anism is dominated by migration of Ag ions from the top electrode then both devices would
have behaved in similar manner. We have employed different metal electrodes to study the
significance of metal ion migration from top electrode to active medium in HfO, based de-
vices. The study indicates that the effect of metal ion migration from the top electrode is not
very significant in determining the switching properties of these devices. Rather the bot-
tom electrode and possible oxidation at insulator /metal interface are likely to play critical
roles in this respect. It is important to note that the effects of oxidation at top electrode are
expected to be the same for both sets of devices.

The similar behaviour is observed in the retention time tests as well. The results of the
retention time tests of Pristine RRAM devices D4 and D5 are shown in Figure 4.9 respectively.
The resistance ratio (Rpfs/Roy,) of devices with Pt as bottom electrode is observed to be six

orders of magnitude greater than that of the device with Au as bottom electrode.
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FIGURE 4.9: Retention time of both (a) D4, and (b) D5 devices.

From the retention test, Resistance ratio of the Pt based device is two orders higher than
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that of the Au based device. It is clearly envisaged that the set and reset states can easily
be differentiated and the difference is more pronounced in case of Pt based devices. Hence
these studies clearly indicate that the influence of the bottom electrode has a critical role on

the switching properties of RRAM devices.

4.4.2 Effects of gamma irradiation on stability of RRAMs for data retention

Some of these RRAM devices from each set were irradiated by gamma rays. In the same
manner as earlier studies, different doses (namely 12, 24 and 48 kGy) were used for irra-
diation. For all these devices, switching parameters such as endurance and retention time
tests were performed before and after irradiation. The switching performance parameters
of Dy are given in Table 4.4 pre and post gamma irradiation. We have observed an increase in
HRS resistance and non-uniform switching behaviour after a dose of 12 kGy. The possible
irradiation induced annealing effects at lower doses may reduce the trap states within the
bandgap of oxide material and can lead to the observed reduction in the leakage currents
[8,25].

The reduction in the leakage currents and the consequent increase in the HRS values
may indicate the improvement of device performance due to low dose gamma irradiation.
However, the higher doses lead to the deterioration of the device performance. Distortion
and non-stability of the switching behaviour and retention time are observed at an increased
dose level that is twice the initial one (i.e 24 kGy). The devices are totally shorted at a dose
of 48 kGy and no switching behaviour is observed at all in these devices. This implies that
the large number of vacancies produced in the oxide formed permanent conducting fila-
ments between the metal electrodes. It is important to note and/or to improve this limit
before employing these devices in radiation environments. In Figure 4.10 and Figure 4.11,
the cumulative probability distributions of Ry rs and Ryrs of D4 devices for pre and post
irradiation. The 24 kGy dose has created more damage and destroyed the switching nature
of the devices. The stability of the HRS is greatly affected and only ~ 40 % of resistance val-
ues of HRS are observed in the data of retention tests. The gamma irradiation creates many
traps and oxygen vacancies, thereby increasing the number and randomness of filaments
leading to the observed instability and even the permanent damage (short) at higher doses.

The Rygs decrease can be attributed to the increase in the oxygen vacancies [26-28].
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The present study is focused on the influence of the electrode material on the switching
performance and the radiation response of these devices. Gamma irradiation induced an-

nealing effects are observed at lower dose in this study. Hence,the study is extended to the

devices Ds.
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FIGURE 4.11: CDF of LRS and HRS resistance of D5 devices.

The switching performance parameters of these Ds are given in Table 4.5 for pre and post
gamma irradiation. As discussed above, for 12 kGy dose the devices show annealing effects,

thereby leading to an increase in Rrys and set voltages as well. The switching parameters of



4.4. Effects of bottom electrode and gamma irradiation on the switching properties of

109
RRAM devices

both sets of devices (D4 and Ds) are almost same after gamma irradiation although their ini-
tial values are different, indicating that the Pt based devices are more susceptible to gamma
irradiation. The randomness and fluctuations or non-uniform switching in RRAM devices
after gamma irradiation are seen in irradiated devices. The randomness in switching may
be attributed to the production of higher density of charged oxygen vacancies which are
mobile under the influence of electric field. The conduction paths or filaments formation is
affected and altered. Hence, it is important to understand and elucidate gamma irradiation
effects on RRAM devices.

TABLE 4.4: The Switching characteristics for pre and post gamma irradiated
Ag/HfO,/Au (Dy) devices.

Switching parameters | pre-irradiation post-irradiation
As deposited 12 kGy 24 kGy | 48 kGy
Set voltage (V) 1.25t0 1.5 1.0to3.0 | 1.0to 3.5 Sho
Reset voltage (V) -0.5to -0.75 -05t0-2.0 | -0.5t02.0 r
R, resistance ((2) 50 10k 2k t
R, ¢ resistance (Q) 500 k 10M 2M e
resistance Ratio (Rofs/on) 1X10* 103 103 d

TABLE 4.5: The Switching characteristics for pre and post gamma irradiated

Ag/HtO, /Pt (Ds) devices.

Switching parameters | pre-irradiation post-irradiation
As deposited 12 kGy 24 kGy | 48 kGy
Set voltage (V) 1.8to02.2 1.0to 2.2 1.0to0 3.0 Sho
Reset voltage (V) -0.75to -1.5 -1.0to-3.0 | -0.5t02.0 T
R, resistance () 40 100 to 10k | 100 to 50 k t
R, f resistance ((2) 100 G 1t0o100M | 1Mtol1G e
resistance Ratio (Ryf¢/on) 25 X 10° 104 10* d

The effects of gamma irradiation at a higher dose (of 24 kGy) on the device parameters
are compared and analysed. The devices almost lost their significance after 24 kGy irradia-
tion and are completely shorted at 48 kGy. It is noticed that there is a decrease in Ryrg for
Pt based devices after gamma irradiation. Earlier studies in literature also showed similar
analyses in TiO, and WO, based devices [29,30].

Similar effects have been observed in the case of the HfO, films as well. In Figure 4.12,

the resistance degradation of RRAM devices after 24 kGy dose in HRS at 0.5 V is shown for
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both the devices. Here, it is found that the Resistance in HR state decreases after few cy-
cles and thereby increases the randomness and fluctuations, which resulted in non-uniform
switching nature in Pt based devices[30]. It is not so well known that due to the gamma
irradiation Hf-O bonds break inside the material, thereby creating oxygen interstitials and
oxygen vacancies [31]. For even higher dose of 48 kGy radiation, devices totally fail in
their performance characteristics. All the devices are found to be in shorted condition. The
trapped charges cause higher leakage current and may lead to the failure of the devices.
Gamma radiation generates the electron-hole pairs in materials. The number of these
pairs are directly proportional to the energy deposited in material by gamma irradiation
[6,7,30]. Electrons leave the insulator due to higher mobility than the holes leading to less
resistance with higher radiation dose. The fraction of holes is captured in trapping sites
thus forming positive radiation induced charge in the insulator. Thus decrease in HRS can
be attributed to the radiation induced trap charges inside the dielectric thin film. This ef-
fectively reduces the memory window which indicates cumulative device degradation after
gamma irradiation. However, the 24 kGy irradiated samples failed to show the pronounced

resistive switching and did not obey the SCLC mechanism. This may be due to the high
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radiation dose exposure resulting in a considerable amount of lattice defects that cause the
rupture of bonds. It has been reported that such defects may introduce oxygen vacancies,
interstitial and substitutional defects within the crystal lattice creating a barrier in current

filament formation for resistive switching mechanisms[31].

4.5 conclusions

HfO, films have been deposited by RF sputtering technique. The following device struc-
ture were tested for switching performance Au/HfO,/Au (D), Au/HfO,/Au (D4) and
Au/HfO, /Pt (Ds). All the RRAM devices exhibited resistive switching behavior. The set
voltage, reset voltages variation, endurance cycling and retention time differences have been
observed for the bottom as Pt with Au. The effects of gamma irradiation on the performance
of all these devices have been studied in detail. A low dose treatment has improved the de-

vice performance and the devices are damaged when subjected to higher doses [13].
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Chapter 5

Effects of Swift Heavy Ion (SHI)
irradiation on performance of RRAM

devices

5.1 Introduction

As mentioned in previous chapters, RRAMs devices have been identified as potential build-
ing blocks for future non-volatile memory and reconfigurable hardware devices [1,2]. RRAMs
have attracted significant attention because of their high density memory architecture [3,4],
low power consumption [5], faster switching[5] and longer retention time when compared
to conventional NVM devices [6,7]. These emerging devices are expected to replace the
currently used floating gate devices, in near future [8-10]. Applications of RRAMs are not
only limited to data storage devices but also to processing elements such as logic gates [11].
"In-memory computation” is envisaged with the advent of RRAM based digital logic cir-
cuits. Based on the very nature of the switching mechanisms involved, RRAMs also find
applications in neuromorphic systems [12,13]. Hence it may become indispensable, in fu-
ture, to deploy RRAMs in space and nuclear electronics which operate in radiation harsh
environments. In this connection, it is, thus, important to study the effects of ion irradiation,
radiation damage and reliability of these devices.

However, such studies are very limited in literature[14-16].SHI irradiation is a versatile
technique to engineer material properties as well as to simulate the radiation damage in
laboratory. Radiation damage produced in space over longer periods can be realized in

shorter intervals by selecting appropriate species and energy. Further, the damage due to
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fission fragments in Nuclear reactors and radiation from solar flares / supernova can be
estimated directly by SHI irradiation studies. Previous reports suggested that in general,
the RRAMs are more tolerant to radiation when compared to floating gate devices [17].
However the effects of radiation damage critically depend on the nature of materials, their
phases and interfaces that constitute the device[14].

As discussed earlier, RS behavior has been reported in many transition metal oxides in-
cluding HfO; [4,18,19], ZrO,, Cu,O [20], TiO; [21], TaOy, WO [22]. HfO, seems to be the
most promising material for future microelectronic compatible RRAMs [5,23], in view of
its success as a gate dielectric in MOS devices [24,25]. Radiation damage studies indicate
that both electron and hole traps coexist in HfO,, whereas only electron traps exist in SiO,
[23,26]. It is shown that the SHI irradiation can improve the performance of an HfO, based
MOS device below a critical fluence (track overlap fluence) and the device is deteriorated
above this fluence [25]. Further, the effects of SHI irradiation critically depend on the initial
phase of the material, size and shapes of the grains [27-29]. Monoclinic phase is introduced
when amorphous HfO is subjected to SHI irradiation. However, irradiation on an initially
monoclinic phase HfO; resulted in the evolution of tetragonal phase [29]. Gamma irradia-
tion studies presented in the previous chapter indicated that a low dose treatment (below 12
kGy) can improve the performance of HfO, based RRAMs. The devices are totally damaged
when subjected to a higher dose (48 kGy) [30]. The distribution in SET and RESET voltages
is found to increase at higher doses [19,30]. A recent report on the effects of 1.1 GeV Au
irradiation on the performance of RMBE grown monoclinic-HfO, based RRAMs (TiN/m-
HfO,_,/Pt/Au/c-Al,O3) emphasizes the importance of such studies in this domain [8].
There are, however, no studies on the effects of swift Ag ion irradiation on the switching
performance of amorphous HfO,-based RRAM devices.

This chapter deals with the RRAM devices with thin RF sputtered amorphous HfO, layer
as switching medium [31]. Patterned Au/HfO,/Au based RRAM structures have been fab-
ricated by using various thin film deposition and photolithographic techniques. The influ-
ence of 120 MeV Ag irradiation on the structural properties of HfO, and consequent effects
on the switching properties of corresponding RRAM devices has been investigated. Here it
is important to note that the initial phase, shape and size distribution of grains, interfaces
and the electronic energy loss play critical role in determining the effects of SHI irradiation

[29][45-46]. Further the effects of film thickness and the device area on the performance of
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RRAM devices and their radiation response have also been studied.

5.2 Experimental details

HfO, thin films, of 50 and 30 nm thickness, were produced by RF Magnetron sputter depo-
sition from a target of 2-inch diameter and 3 mm thickness in the Ar atmosphere (30 SCCM).
The 100 nm thickness Au top and bottom electrodes were prepared by e-beam evaporation
using a 6-kW power supply for the electron gun at a constant deposition rate of 1.0 A/s. A
thin layer of 10 nm Cr was deposited by thermal evaporation on Si prior to the deposition of
bottom electrode (Au) for good adhesion. The base pressure for the RF magnetron sputter-
ing and evaporation processes were 4.2 x 10~ and 1 x 10~® mbar, respectively. HfO,-based
RRAM devices were fabricated on Si substrates (p-type with p ~ 1-10 (O-cm). The stan-
dard RCA processes were employed for cleaning Si substrates [19,32]. The devices were
fabricated using standard in-house photo lithography techniques in class 1000 cleanroom.
A photoresist of i-line positive tone and an ultraviolet (UV) mask aligner (MJB4 of Suss
Microtech) were used for photoresist exposure. Bottom electrode (BE), active layer (HfO,)
and top electrode (TE) were deposited through different masks as needed. Process flow of
lithography, deposition and lift-off has been performed at each stage, as explained in chap-
ter2. Figure 5.1 shows the different stages of lithography for fabricating crossbar structure of

RRAM devices employed in this work

FIGURE 5.1: Images showing the device structures at different processing

steps, a step-1: bottom electrodes of width 10 pm, b step-2: HfO; film de-

posited on the bottom electrode through a square mask, c step-3: top electrode

showing the cell structure and probing pads and d an FESEM image showing
the cross bar structure of devices.
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Four sets of devices (labelled as R;-R4) with active area of 10 pm x 10 pm and 20 pm x 20
pm and thickness of 50 nm and 30 nm were fabricated and the details are given in Table 5.1.
Further, the SHI irradiation using the 15 MV Pelletron accelerator at the [IUAC, New Delhi
has been performed on Rz and R4 devices to investigate the effects on the performance of
these RRAM devices. For this purpose, a 120 MeV Ag ion beam with a relatively low beam
current of 0.5 particle-nA (pnA) was maintained throughout the experiment. The ion fluence
was varied in the range of 5 x 109 to 5 x 10'2 jons/cm?, as ion beam annealing effects are
expected in this fluence range [25].

TABLE 5.1: The details of the RRAM devices.

Device name | flim thickness | Area
(nm) (um ?)
Ry 50 10 x10
R, 50 20 %20
R3 30 10 x10
Ry 30 20 %20

The film thickness was estimated by using a stylus Profilometer. PL measurements were
performed on pristine and irradiated Rsz-series samples in the neighborhood of TE contact
region. An excitation wavelength of 355 nm (3.5 eV which is below the bandgap of HfO5)
was employed to study defect dynamics. Current-Voltage (I-V) measurements, endurance
cycles and retention tests were carried out by using an Agilent technologies B1500 A semi-
conductor device analyzer. Appropriate current compliance circuits are used to realize LRS
and HRS without damaging the devices. DC sweeps of positive voltage were applied on
the top electrode with respect to the bottom metal (grounded) electrode. The continuous
cycling pulses were applied to study the RS behavior and the endurance of these devices.
The current compliance is limited to 1 mA and 18-35 mA to avoid possible hard breakdown

of the device during the set and reset processes, respectively [22,33,34].

5.3 Results and Discussions

5.3.1 Characteristics of pristine devices

I-V characteristics of devices R; and R, (representative curves) shown in Figure 5.2 exhibit

unipolar resistive switching behavior. Different regions in these characteristics are labeled
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with numbers to show the paths of set (1, 2) and reset (3) operations. The set and reset
voltages are found to be 2.16 V and 0.5 V respectively for the R; device. Similarly, set and
reset voltages are 2.92 V and 0.49 V respectively for the Ry device. A similar forming-free
and unipolar RS phenomenon was earlier reported for HfO, based RRAM devices [20,35,36]
and was attributed to the formation and rupture of columnar conducting paths, known as
filaments, in oxide thin film [6,37-39]. However, bipolar switching and coexistence of bipolar
and unipolar switching were also widely reported in HfO,-based RRAM devices It is worth
noting that the electrode materials, nature of the interfaces and the phase of HfO, are critical

in determining the switching behavior of RRAMs|[8,36,40-44]
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FIGURE 5.2: I-V Characteristics showing the RS behavior of a) R and b) R
RRAM devices.

The present result is consistent with the previous reports, where unipolar switching was
reported in HfO; when top electrode is Au [35, 45-48]. Forming free and unipolar switching
behavior are advantageous for practical devices. It is known in literature that conductive
filaments due to vacancies dominate over metal-ion-based filaments in HfO, [40-43]. This
is particularly true when the electrodes are chemically inert, as in the present case. It is
also observed that the contribution of V4" type vacancies is significant for the formation of
conducting filaments in HfO, when compared to that of other types of defects [40-43]. When
a positive voltage is applied on the top electrode, O~ ions are expected to migrate towards
the top electrode, facilitating the formation of V' type conducting filaments [49]. However,
neither the O>~ nor the V3 bind to the Au metal electrodes when voltage is removed [50,
51].

Indeed, the binding of V" with Au is observed to be weaker when compared to other
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FIGURE 5.3: The endurance cycling of a) Ry, b) Ry, ¢) R3 and d) R4 RRAM
devices.

metals [50, 51]. In addition, the possibility of out-diffusion of 02 into atmosphere through
the Au electrode under positive bias stress has also been reported [50-52]. The interface
models that explain various types of mechanisms leading to unipolar and bipolar switching
[34, 36] are not directly applicable in this study, as both the electrodes (top and bottom) are
made of a chemically inert metal, Au. The combination of these two factors (out-diffusion
and weak binding of V3" to Au) and the fact that there is no interface that can act as a reser-
voir to store O?~ ions to enable the reset process when polarity is reversed causes unipolar
switching. Hence, unipolar switching showed better performance when compared to the
bipolar switching in these Au/HfO,/Au-based RRAM devices. Therefore, the reset process
can mainly be attributed to the Joule heating effects and corresponding phase changes in
HfO,. This is consistent with the fact that higher compliance currents were required for the
reset process and large dispersion observed in voltages and the comparison is shown in Fig-
ure 5.3 and Figure 5.4. Several other competing processes such as the movement of vacancies
in the direction of electrodes or from filaments to the resistive oxide layer or recombination
with oxygen interstitials may also occur during the reset process. The reset process and the
stability of the devices may further be improved by introducing an inter-layer between the

top electrode and the oxide with high oxygen affinity materials like Al [20] or Hf [53].
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It is observed that the device R; did not reach complete reset (see Figure 5.2 (a)), indi-
cating that some filaments still exist within the oxide. As a result, there is a steep increase
in the current during the second set cycle (4) and an additional reset process before the ac-
tual set (5) operation. This indicates the possibility of multi-level switching in HfO,-based
RRAM devices [18, 53, 54]. The possible out-diffusion of O?~ ions during the set process
[50-52] may deplete the concentration of oxygen in the vicinity of the top electrode. The
possible gradient in oxygen concentration may further lead to the slow reset process and
to introduce the observed intermediate state. This kind of gradual reset process was earlier
demonstrated in RRAMs with “HfO, /HfO,” bilayer as switching medium [44]. These pro-
cesses can be controlled by carefully selecting appropriate interfaces, voltage windows and
compliance currents as needed. The endurance cycles indicated that there is a finite spread
in the set and reset voltages of these devices (R;—Ry).

The observed non-uniform switching behavior is possible due to the randomness in the
formation of filamentary conduction channels and their areal density [55, 56]. Hence the
size, shape and areal distribution of filaments can significantly influence this kind of switch-
ing behavior. The spread in the set and reset voltages is found to be less for devices with
smaller active area (like R; over R3) as expected [57]. Here, it is important to note that there
are intermediate states in the reset cycles [18, 54], particularly for devices with smaller active

area. Less number and thinner filaments are expected in devices with smaller active areas
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[36], The progressive drop in the current may correspond to the reduction in the conductiv-

ity of the filaments [57, 58].
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The distribution of the set voltage (Vs,.), reset voltages (Vgest) and the reset current
(IReset) for all four RRAM devices have also been studied in detail. The range of Iges: is
found to be lesser for R; and Rz when compared to that of R, and R4 devices. The average
Ireser 1s estimated to be 18 mA for Ry and 35 mA for Ry. The number of filaments formed
and their shapes depend on the active area of the device. The value of Ig.s+ depends on the
previous set value which can influence the size and number density of the filaments. The
number of filaments that are to be ruptured for achieving the reset is larger in the devices
with larger active area [17]. Moreover, the current density is also lower in these devices,
which is consistent with the literature [6]. The resistance values and cumulative distribution
function (CDF) of the RRAM devices (R; to R4) measured for each state are presented in
Figure 5.5 and Figure 5.6. A positive bias voltage of 0.1 V is applied in intervals of 60 s and
the current is measured to perform the retention test of these devices. These measurements
were performed for each state individually (i.e., LRS or HRS) for all these devices. The
resistance ratio between HRS to LRS (Rpss /Roy) is estimated to be 10* for R; and Rz and
10° for Ry and Ry devices. This demonstrates the large stability between the LRS and HRS
level of these RRAM devices fabricated in this study. In fact, the state of the devices can be

clearly differentiated based on their resistance (i.e., as HRS or LRS).

5.3.2 Effects of SHI irradiation on the performance of RRAM devices

In SHI irradiation, energetic ions interact with a material and lose their energy via electronic
energy loss (S,) which dominates at high ion energies (>0.5MeV /1) and nuclear energy loss
(S51) which dominates at low energies («0.5MeV/p) [31]. The current interest in this field
is to elucidate the effects of S, on the structural modifications of materials and consequent
effects on the performance of corresponding devices. The critical value of S, for forming
ion tracks (or damaged regions) in HfO; is estimated to be about 20 keV/nm [29]. 120 MeV
Ag ion beam employed such that the S, (~24.86 keV/nm in HfO,) not only dominates S,
(~13.67 keV/nm) but also remains uniform throughout the film. It is important to point
out that the penetration depth of the Ag ions (range = ~ 8.49 pm) is much greater than the
thickness of films. As a consequence, Ag ions will come to rest only in the substrate. The
electronic energy deposition can result in deep defects and trap centers and other defects.
RRAM devices (R; and Ry series) were subjected to different irradiation fluence (5 x 10'?, 1 x

10!, 5 x10™ and 5 x 10'? ions/cm?) to study the effects on their performance. It was earlier
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reported that the ion induced annealing effects dominate for this fluence range in the case of
HfO, based MOSCAPs [15,25,32]. Here, RRAM devices are subjected to similar irradiation
conditions to investigate the consequent effects on their switching parameters. Figure 5.7
shows representative I-V curves of pristine and irradiated (R3 series) samples indicating

significant shift in the set and reset voltages as a function of fluence.
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FIGURE 5.7: I-V Characteristics showing the RS behavior of R3 series (pristine
and irradiated at different fluence) devices: a) Set curves and b) Reset curves.

The mean values of switching voltages and the corresponding distributions are shown

as function of fluence in Figure 5.8.
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mum values).

Unlike MOSCAPs, RRAM exhibited an increase in the leakage current in HRS at lower
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fluence which may be due to the difference in initial conditions. HfO, films are deposited
on the surfaces of Au in case of RRAMs and on the surface of SiO, in case MOSCAPs.
Correspondingly, the average values of Vg, and the Vg, decrease with increase in fluence
below the critical fluence,though the variation in the Vg is not significant. Most important
observation is that the ranges of Vg, and Vges+ distributions decreased up to a fluence of 5 x
10! ions/cm? (see Figure 5.8), This is more evident in Figure 5.9 where the endurance curves

of pristine and low fluence (5 x 10! ions/cm?) irradiations are shown.
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Similarly, the data of the retention test is shown Figure 5.10 for the pristine and irradiated
(at critical fluence of 5 x 10 ions/cm?) devices (of R3). It is observed that the resistance is

little lower in HRS in irradiated devices (Figure 5.10(b)) as compared to that of the pristine
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FIGURE 5.11: The distribution of set and reset voltages of pristine and irradi-

ated devices. Cumulative probability of set and reset voltages of (a) Rs series
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series and (d) Ry series.

devices (Figure 5.10(a) and Figure 5.6). Similarly, the resistance is little higher in LRS. How-
ever, there is no significant change in the retention time at critical dose as compared to that
of the pristine device. CDF of switching voltages and resistances (Log(R)) are presented in
Figure 5.11 for both R3 and Ry series devices. This analysis clearly depicts the effects of SHI
irradiation on the RS behavior of RRAMs. The slopes of set/reset curves indicate a possible
reduction of spread in the set and reset voltages as a function of fluence.

As stated earlier, SHI irradiation can create amorphous or crystalline tracks or colum-
nar defects in various materials [49]. We have recently shown that the SHI irradiation can
induce an amorphous to monoclinic transformation in HfO, nanoparticles embedded in
amorphous HfO, thin films, above a critical fluence (5 x 10'! ions/cm?: track overlap flu-
ence) [29]. Hence, the formation of isolated and incomplete m-HfO, tracks/clusters below
this fluence is also possible in the present case. The track diameters are expected to be
around 10 nm [25] and the number of tracks will be of the order of fluence (i.e., 5 x 10
ions/cm?). It is also important to note that the diameters of conducting filaments are also
in the same range (3-10 nm) in HfO, [36]. It would, thus, appear that the result of the SHI

process is to create a composite wherein isolated m-HfO, columnar tracks are embedded
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in the pristine a-HfO, matrix (as depicted as a cartoon in the inset of Figure 5.9(b)). It is
proposed that these tracks are acting as nucleation centers for filament formation under bias
stress. Hence the formation of filaments in irradiated devices will not be as random as that
would be in unirradiated films. This is not only reducing the switching voltages but also
reducing the spread in switching voltages. The dispersion in SET voltages is reduced signif-
icantly in devices that are subjected to low fluence (Figure 5.8). The sample irradiated with a
fluence of 5 x 10! ions/cm? shows a clear gap between SET and RESET voltages (See Figure
5.9). Then the device gets damaged at higher doses (above track overlap fluence) leading
to random switching. The overlap in the range of set and reset voltages (see Figure 5.7 and
Figure 5.8) beyond a critical fluence (5 x 10" ions/cm?) is perhaps due to the production of
high density of defects and/or possible ion beam mixing effects across electrode and oxide
interfaces (Au/HfO,). Nucleation centers are no longer isolated above the track overlap
fluence. This is consistent with the hypothesis that the isolated tracks in irradiated samples
act as nucleation centers for the formation of conducting filaments during the set process. It
is worthwhile mentioning that SHI irradiation is an efficient method to realize the isolated
nucleation centers in the switching medium. This study also suggests a scope for examining
nano-wire embedded oxide layers as efficient switching media for RRAM devices.

Hence the study suggests that the SHI irradiation can play a vital role in lowering the
set and reset voltages and voltage ranges. Hence, a low fluence treatment of RRAM devices
with SHI irradiation not only reduces the set and reset voltages but also reduces the distri-
bution in switching voltages. However, the devices are damaged above this fluence. This is
also evident from Figure 5.12 and Figure 5.13 which shows the number of endurance cycle
vs set and reset voltages of pristine and irradiated samples.

The devices subjected to higher fluence got switched only for about 20 times out of 50
continuous set and reset cycles though the devices did not fail completely. These devices
will switch again if another endurance cycle is started. However, on an average, they will
switch for about 20 times out of 50 continuous cycles. This is consistent qualitatively with
our earlier studies on HfO,-based MOS devices [19, 30]. Thus, as interpreted before, beyond
a critical fluence there is an overlap of ion tracks over the same device area resulting in
complex damage. To identify the possible reasons for difference in behavior of pristine and
SHI samples, FESEM and PL experiments were carried out on HfO; films that are deposited

and irradiated in the same runs.
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The PL measurements were performed for the R3 sample before and after SHI irradia-
tion. The excitation energy is chosen to be 3.5 eV, which is less than the bandgap of HfO,. PL
spectra and the deconvoluted peaks for the samples shown in Figure 5.14 correspond to var-
ious types of defects in the pristine and irradiated samples [29, 59]. The fitting is performed
using a peak fit program for identifying the oxygen related vacancies in the HfO,. Before
irradiation, the peak positions are at 2.7 eV, 2.9 eV and 3.0 eV for R3 sample. The intensity

of these peaks decreases at low fluence and increases at higher fluences. The peak position
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at 2.7 eV can be attributed to the doubly charged positive oxygen vacancy (Vé*) while the
peak at 2.9 eV is associated with singly charged positive oxygen defect (Vé*) state [37]. The
existence of these vacancy type defects in the RF sputtered a-HfO; films is responsible for
the observed forming free switching with lower set voltages. A recent calculation [60] pre-
dicted a significant decrease in the energy barriers for creation and migration of vacancy
type defects in m-HfO, under bias stress due to the injection of excess electrons into the
oxide. Further, we noted minor changes in the peak positions of PL spectra as a function of
irradiation fluence. The changes are significant for high fluence (beyond the critical fluence).
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FIGURE 5.14: The PL spectra of the device R3 a) Pristine b) 5E10 ¢) 5E11 and
d) 5E12 ions/cm? (solid lines indicate fitting and de-convoluted peaks).

Basically, only two types of defects are populated in this case, indicating the possible
re-configuration of defects as a result of SHI irradiation. The oxygen-related defects in
HfO, films were earlier reported and most of those studies are consistent with our previ-
ous and present work [33]. In a recent study [8], it was shown that the performance of
“TiN/monoclinic-HfO, _ , /Pt/ Au” RRAMs is affected only at higher fluence (> 10'? ions/cm?)
when irradiated with 1.1 GeV Au ions (S; = 50.3 keV/nm in HfO,). Most of the devices did
not experience event upset and retained the stored data even at higher fluences. However, in
the present study, the active layer is an amorphous film deposited on the surface of Auby RF
sputtering. The observed effects are significant even though the Se is less (24.86 keV/nm in

HfO,) in the present study when compared to the earlier report [25]. It is, therefore, evident
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that SHI can be used to tune the performance parameters of such devices. Significantly, the
present study also demonstrates the presence of a critical ion fluence beyond which there
is deterioration in set and reset parameters, indicating the range of radiation hardness of
the devices. This information is expected to be useful for applications in nuclear and space

electronics.

5.4 Conclusions

HfO, based RRAM devices were fabricated to study the effects of SHI irradiation on their
performance. These devices are found to be of forming free type with uni-polar switching
behavior. They have exhibited good endurance cycles with high resistance ratio (Ross/Ron)
>10°) and retention time. It is shown that the SHI irradiation can improve or deteriorate the
performance of these devices based on the fluence. The spread in switching voltages is
reduced with increase in fluence, indicating that the switching windows can be narrowed
by selecting a proper combination of ion species, energy and fluence for irradiation. The set
voltage is found to decrease with increase in fluence whereas the change in reset voltage is
not significant. The overlap of set and reset voltages and the reduction of endurance above
a critical fluence highlights the significance of radiation damage in these devices.

At lower fluences,possible creation of isolated nucleation centers, at lower fluences, for
the formation of filaments during the set process is envisaged as a reason for the observed
improvement in the dispersion in set voltages. Introduction of such isolated nucleation
centers by other methods (like nano-wire embedded oxides etc.) in switching medium can
be examined in future. These results provide useful information to tailor as well as to study

the reliability of these devices in radiation harsh environment.
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Chapter 6

Non-stoichiometric HfO, thin films
and effects of Swift Heavy Ion
irradiation on the performance of

corresponding RRAM devices

6.1 Introduction

As discussed in previous chapters, RRAMs have attracted much attention due to their high
storage density, low power and switching voltages. It is found that the switching process is
mainly due to the formation of the conducting filaments taking place in the insulator film.
These filaments formation can occur either from metallic ions or oxygen vacancies in the
films presented. The resistive switching behavior and memory effect for many of the metal
oxide (WOy, ZnOy, ZrO,, TaO,, CuO,) based RRAM devices have been demonstrated [1-3].
The set and reset voltages are directly related to the formation and rupture of the conductive
filaments in the insulating layer [4,5]. To investigate filamentary like conductive paths made
of the oxygen vacancies or metallic ions in the non-stoichiometric HfO, film-based devices,
we have prepared and studied the switching characteristics of HfO, based RRAM devices.
It is observed that the range of distribution and variability in the set and reset voltages may
be attributed to the randomness in the formation of the filamentary conductive paths in the
dielectric layer. This adversely affects the switching characteristics of these RRAM devices.

Therefore, it is worth mentioning that the film deposition conditions and stoichiometry also
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play pivotal roles in the operation of the corresponding RRAM devices [6]. In this connec-
tion, non- stoichiometric HfO, films were prepared by e-beam evaporation method. Two
different methods namely, 1) thermal annealing and 2) SHI irradiation were employed to in-
vestigate the switching characteristics of the corresponding RRAM devices. As mentioned
above, oxygen vacancies play an important role with metal electrodes interfaces in resistive
switching. Many researchers have already reported the role of the interfacial layer formed
with the top metal electrode for different switching layer materials[7]. The thin interfacial
layer of metal-oxide contact can act like an oxygen reservoir and contributes to better and
enhanced switching parameters[8-10].

The active metal electrodes (like Ag, Cu) favor resistive switching by dissolution of the
metal ions into the insulating layer, thereby forming the filaments from the other end of
the metal in metal-insulator-metal structures. Such devices are termed as CBRRAMs. In
this connection, it is also important to elucidate more information of the metal electrodes,
the role of interfacial layer formation and resulting switching characteristics for the RRAM
devices. Different metals such as Au, Al and Cr were used as top electrodes for fabrication
of the RRAM devices. As mentioned earlier, the RRAM device switching characteristics like
set operation, reset operation, endurance cycling and retention time tests were performed to

elucidate the effects of thermal annealing, SHI irradiation and metal electrodes in detail.

6.2 Experimental details

Electron beam evaporation method [11] is employed for the deposition of the non-stoichiometric
HfO, thin films. These films have been used for fabricating crossbar structures like RRAM
devices. Si (p-type with p ~ 1-10 ()-cm) were used as a substrate for making these crossbar
structures of the patterned RRAM devices. Primarily, Si substrates were cleaned by standard
RCA process [12]. To fabricate a crossbar structure, a standard in-house photo lithography
in class 1000 cleanroom) technique was employed. A photo-resist of i-line positive tone and
an UV mask aligner (M]JB4 of Suss Microtech) were used for photoresist exposure. BE, ac-
tive layer (HfO,) and TE were deposited through different masks at each stage as per the
requirement. Process flow of lithography, deposition and liftoff have been performed at

each stage as explained in the previous chapter.
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A newly purchased e-beam evaporation system is installed and optimized for preparing
thin films. This system is employed to deposit HfO, films in this study. First, the chamber
was evacuated to 1 x 107¢ mbar and a 6 kW power supply was used to power-up the elec-
tron gun. Deposition was performed at a constant rate of ~ 1.0 A/s. The granular powder
with purity of 99.99 % is used for making the pellet. These pellets were used for the evapo-
ration and to get high quality HfO, thin films for fabricating the RRAM devices. A vacuum
chamber with 2.0 x 10~> mbar was used during deposition of the films. The optimization of
thin films was performed by varying the deposition time. Furthermore, films with different
thickness have been fabricated and characterized. Among them, the devices made up of a
film thickness of 30 nm with an effective active device area of 10 pm x 10 um have been
chosen to perform various studies.

A set of samples fabricated in the same run, were treated with different annealing tem-
peratures to elucidate the performance of RRAM devices. Then, the effects of the SHI on
the switching performances have been investigated. Finally, interfacial induced switching
characteristics by different top metal electrodes have been studied in detail. The annealing
is performed using a tubular furnace in the N, atmosphere at University of Hyderabad. SHI
irradiation was performed using a 15 MV Pelletron accelerator at the IUAC, New Delhi. 120
MeV Agion beam with a relatively low beam current of 0.5 pnA was maintained throughout
the experiment. The ion fluence was varied in the range of 5 x 10 to 5 x 10! ions/cm? as
ion beam annealing effects are expected in this fluence range [13]. The bottom and top metal
electrode contacts were deposited by using thermal evaporation technique while maintain-
ing a vacuum of 1.0 x 10~° mbar, throughout the deposition process.

The film thickness was estimated by using a stylus profilometer. The FESEM (model:
Carl ZEISS, FEG, Ultra 55) equipped with EDS attachment is used for estimating the con-
centration of various elements present in the thin films. XRR and GI-XRD with Cu Ka (A =
1.5405 A) of Cu Ku line are employed to elucidate the films surface roughness, film thickness
and crystal structure of the films respectively. Further, XPS measurement is performed to
investigate the elemental composition and stoichiometry of the thin film (HfO, /Si). UV-Vis-
NIR spectroscopy measurement were carried out to estimate the band gap and transmission
percentage of the thin films (HfO,/Quartz). PL measurements were performed on pristine,

annealed and irradiated samples in the neighborhood of TE contact region. An excitation
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wavelength of 375 nm (below the bandgap of HfO,) was employed to study the defect dy-
namics. I-V measurements, endurance cycles and retention tests were carried out by using

an Agilent technologies B1500 semiconductor device analyzer.

6.3 Characterization of the HfO, thin films

6.3.1 Structural studies of HfO, on Si substrates

The HfO, thin films were deposited by e-beam evaporation on Si substrates. For these thin
films, physical properties such as thickness, surface morphology, surface roughness and
quality of the film have been studied in detail. The optimization and preparation of these
films were carried out by varying the deposition time from 15 to 120 minutes. The film
thickness is measured by various techniques such as profilometer and cross sectional FE-
SEM. The XRR technique is used to estimate, correlate and confirm/check thickness with
profilometer and cross- sectional SEM. The details of these techniques have been explained

in the experimental section (chapter 2).
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FIGURE 6.1: The XRR spectra of the films of different duration for deposition
(a) 10 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes, (e) 120 minutes
and (f) 180 minutes of HfO, on Si substrates.
The XRR patterns of HfO, /Si samples are shown in Figure 6.1. The layer parameters such

as film thickness and density, interface of layers and surface roughness can be determined
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from these reflectivity curves, regardless of the crystallinity of each layer (single crystal,
poly crystalline, and amorphous). At a critical angle, the reflectivity begins to decay expo-
nentially and it is found to be ~ 0.2 for these samples. The film thickness is calculated as
discussed in earlier sections (chapter 2) using interference fringes and the estimated values
are tabulated (Table 6.1).

The estimated, measured and approximated values of HfO, film thickness are shown in
the Table 6.1. As expected, the film thickness is dependent on the duration of evaporation
and increases as the duration of the evaporation time increases. Higher deposition rates
may not ensure the proper density, grain size, shape and stoichiometry of the films.

TABLE 6.1: The film thickness measured by XRR measurement.

Film thickness
Deposition time (minutes) XRR (nm)
10 15
15 22
30 38
60 58
120 113
180 205

The stoichiometry is examined by employing XPS measurements and the films are found
to be of non-stiochiometric HfO,. The high resolution core level spectra for the Hf 4f and
O 1s of the film are shown in Figure 6.2. The spectra of the film show the presence of Hf
corresponding to the 4f 7/2 (17.59 peak/eV), 4f 5/2 (19.22 peak/eV) and a Hf metal rich
(16.08 peak/eV) levels of Hf in HfO, (spin orbit splitting). The separation between the peaks
of 4f7/2 and 4f 5/2 is 1.63 eV. It can be interpreted as charge transfer effects promoting the
shift of peak position towards higher energy levels. XPS reveals that the films deposited by
e-beam evaporation, are Hf metal rich (16.08 peak/eV) in nature and contain of non-lattice
oxygen (O-O bond at 529.22 and 532.46 peak/eV). Comparing the areas under O 1s and Hf
4f peaks, the stoichiometry composition ratio of O and Hf elements at the surface layer of
the HfO, are 60.37/39.63 (%) for 30 nm.

HfO, films were deposited on quartz substrates to characterize their optical proper-
ties by UV-Vis-NIR(transmission) spectroscopy. Pure stoichiometry film of HfO; is a wide
bandgap material 5.7 eV and is almost transparent from near UV to far IR region. Figure 6.3

shows the optical transmittance spectra 0f HfO,/Quartz films for different thickness. The
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FIGURE 6.2: The XPS core level spectra of Hf and O elements for HfO, /Si thin
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FIGURE 6.3: The optical transmittance spectra of HfO, /Quartz films for dif-
ferent thickness.

preliminary observation is that the transmittance exhibits overall 80 to 90 % of transparency
for these films.

The PL measurements were performed for these thin films deposited on Au/Si sub-
strates. The corresponding analysis is used to explain the defect mechanisms or the role of

the defect’s formation in the dielectric switching layer for the performance of RRAM devices
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FIGURE 6.4: The Photoluminescence spectra of HfO, films evaporated on
Au/Si substrates for different thickness, a) 10 minutes, b) 30 minutes, c) 60
minutes, and d) 180 minutes.

before and after SHI irradiation. An excitation wavelength of 355 nm (3.5 eV which is below
the bandgap of HfO,) was employed to study the defect dynamics. PL spectra along with
the de-convoluted peaks for the samples are shown in Figure 6.4. The fitting (red color) is
performed by using a peak fit program for identifying the oxygen related vacancies in the
HfO, films. Mainly, the peak positions are found at 2.6 eV, 2.8 eV, 2.9 eV, 3.0 eV and 3.1
eV (blue in color). The different peak positions are interpreted to be the origin of oxygen
vacancies in the dielectric layer.

The position and broadening of these PL peaks are found to change with film thick-
ness,the defect peak position at 2.7 eV might be related to the positively double charged
oxygen vacancy V§ ' and similarly at 2.9 eV defect peak can be associated with positively
single charged oxygen defect VO+ state.The oxygen related defects in HfO, film are earlier
reported and most of those studies are consistent with our previous and present results [14].
Here it is important to note that the VO2+ defects play a major in the formation of filaments
during resistive switching. Existing of these defects is responsible for the observed forma-

tion free resistive switching phenomenon in this study
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6.3.2 Surface imaging and cros sectional analysis of the HfO, on Au/Si sub-

strates

FESEM images of HfO, films deposited on Au/Si substrate are shown in Figure 6.5. We
notice a good uniformity and smooth surface for films deposited at shorter intervals. Fur-
thermore, as the time of deposition increases, (thicker films) the increase in size of grains

and particles cluster formation among them has been observed.

FIGURE 6.5: FESEM images of HfO, films evaporated on Au/Si substrate for
different thickness, a) 10 minutes, b) 30 minutes, ¢) 60 minutes, and d) 180
minutes.

In addition, a cross-sectional view of FESEM has been employed to investigate and fur-
ther confirm the thickness of these films. All these images are of HfO, films deposited on
Au/Si substrates and the same have been shown in Figure 6.6. The HfO, film interface for-
mation is observed to be purely dependent on the surface morphology and roughness of the
previous layer. as expected, the film thickness increased with increase in the time of depo-
sition. To cross check and verify the film thickness a cross-sectional SEM and profilometer
measurements are conducted. The calculated and estimated values are tabulated in Table

6.2. These values are consistent with each other, within the experiments.
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FIGURE 6.6: FESEM Cross-sectional view images of HfOy films evaporated
on Au/Si substrate for different thickness, a) 10 minutes, b) 30 minutes, c) 60
minutes, and d) 180 minutes.

TABLE 6.2: The comparison of HfO, film thickness deposited on Au/Si sub-

strates.

Film thickness

evaporation time | profilometer | Cross-sectional FESEM
(minutes) (nm) (nm)
10 ~ 12 15
15 ~ 18 -
30 ~ 25 35
60 ~ 65 57
120 ~ 105 -
180 ~ 198 182

6.4 Effects of thermal annealing on the performance of RRAM de-

vices

6.4.1 Device characterization

The detailed labeling of these devices are given in Table 6.3 and all these devices have been

fabricated by lithography technique. A cross bar like structure of 10 ym x10um active area

is used for the device fabrication. The pristine (R5) and annealed (300 and 500 °C) HfO, (30

nm) devices were investigated.
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TABLE 6.3: The Temperature variation details of the devices

Aneealing temperature | Device name
6
Pristine (0) Rs
300 Rs-(i)
300 Rs-(ii)

FIGURE 6.7: The FESEM images for pre and post thermal annealing tempera-
tures.

To elucidate the morphological and structural changes on the films, pre and post an-
nealing samples were characterized by FESEM technique (Note the images are taken before
top electrode deposition). The top surface view of the HfO, films for pristine and annealed
samples are shown in Figure 6.7. It is noticed that a small amount of cluster formations
start at 300 °C and further increase in the growth of these particles clusters takes place at an
annealing temperature of 500 °C.

The GI-XRD patterns of the pre and post annealed RRAM devices are shown in Figure
6.8. The crystal structure and phase transformations of the thin films are revealed by the
XRD measurements. Hence, here it may be mentioned that the present devices have not
undergone any phase transformations. Moreover, all these films are found to be amorphous
in nature both pre and post annealing. It is expected that the crystalline nature or phase
transformation depends on the initial stage and thickness of the thin film. The peaks ob-
tained in the GI-XRD patterns are purely from the electrode material (Au) and one peak
from the substrate (Si) material. Stoichiometric films actually show monoclinic phase at
these temperatures and such transformation was observed in RF sputtered HfO; films stud-
ied in previous chapters. A marked difference is that the crystalline phase is not observed
in case of the present HfO, films deposited by e-beam evaporation technique even after

thermal annealing at 500 °C.
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FIGURE 6.8: The GI-XRD pattern of a) Rs, b) Rs-(i) and Rs-(ii) pre and post
thermal annealing of the RRAM devices.

6.4.2 1V orswitching characteristics of the devices

The DC switching characteristics of the Rs series (pre and post annealing) devices are shown
in Figure 6.9. The obtained set voltages are 1.0, 1.5 V and 2.6 for R5, Rs-(i) and Rs-(ii) devices
respectively. Similarly, the reset voltages are 0.5V, 0.5 V and 0.7 V for the devices Rs, R5-(i)
and Rs-(ii) respectively.

In all the cases, the current compliance is kept constant at 1 mA in set process to avoid
the permanent breakdown of the thin dielectric layer. From the first set of curves of each
device, different slopes are observed in set and reset curves. The effects of annealing may be
attributed to the remnant filaments in the switching layer. The formation of these filaments
may be attributed to the conduction and slope variations in the set curves of the RRAM
devices. Further, not much of difference is found in reset voltages as compared to the set

voltages but the reset currents are found to increase as 2.0 mA, 1.2 mA and 10.0 mA for the
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FIGURE 6.9: I-V Characteristics showing the RS behavior of R5 series (pristine
and annealed) devices a) Set curves and b) Reset curves.

Rs, R5-(i) and Rs-(ii) devices respectively.

The annealed devices are found to be switching at higher voltage (set and reset oper-
ations) levels when compared to the pristine devices. Here, it is evident from the reset
current that it also depends on the previous set curve to get reset (or switch back to HRS
of the RRAM device). In earlier reports, it was suggested that the effects of annealing will
improve the stoichiometry and also reduce the defects in the film. Due to thermally induced
inter diffusion of oxygen ions and vacancy defects[15]. This is consistent with the existing
reports and similar effects have been observed in the present study[16]. Furthermore, the
endurance cycling has been performed for these devices and the data is shown in Figure 6.10.
The effects of annealing are evident from the improvements seen on the performance of en-
durance cycling, of resistance of the RRAM devices. Then it is also found that the curves are
more precisely controlled by following the same conductive filamentary paths for the set
operation in a similar manner that occurred in the pristine devices. The unipolar resistive
switching behaviour observed in crossbar structures originates from the formation/rupture
of a few nanometer-sized filament like percolation paths [17,18]. The processes are discussed
in previous chapters.

These percolation paths are trap-assisted tunneling trajectories through the defects, which
are generated or recombined according to suitable probabilities depending on the local
electric fields and defect structures. This is one of the models to explain the conduction
mechanism in the switching layer. Some of the reports suggest that the progressive for-

mation/rupture of the filaments by the conductance quantization under voltage sweeping
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mode[19-21]. The electrochemical reaction results in the formation of CF (set operation)
and joule-heating-assisted oxidation followed by the diffusion of metal ions or oxygen va-
cancies (V,) under the concentration gradient and the applied electric field for the reset
operation[4,22,23]. In our study also, devices exhibit the similar kind of behavior for pre-
annealed devices. Interestingly, the variation is found to be reduced for the post annealed
devices. Hence, the R5-(ii) devices perform good endurance cycling but the variation in set
voltages is expected to depend on the length and thickness of the filamentary paths for each
set operation.

The sample annealed at 500 °C (Rs-(ii) device) showed prominent behavior in resistive
switching performance. It may be concluded that the annealing temperature results in in-
crease in grain boundaries (GB), which act as current leak paths for switching RRAM de-
vices[24]. The aggregation of oxygen vacancies with different charge (Vj,V3") states may
be interpreted as the formation of conducting filaments for set operation and similarly distri-
bution (depart) of them as reset operation in deciding the switching characteristics of RRAM
devices[25]. To understand the conduction mechanism, a schematic view of the Rs-(ii) de-
vice is shown in Figure 6.11 (a), where (b) and (c) are the set and reset operation respectively.
The oxygen ion moves/drifts towards electrodes or scatters in the film during set operation
by the external applied electric field. These positively charged oxygen vacancies make way
for filamentary paths for the conduction during the set operation. In contrast, the filaments
can rupture/break back by filling the vacancies by oxygen ions during the reset operation.
Hence, it can be understood that the scatter and refill of the oxygen ion is responsible for the

resistive switching [9].

(a) (b) (c)
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Q -==-a»
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FIGURE 6.11: The schematic view of conduction mechanism for R5-(ii) RRAM
device (the blue circles represent the oxygen ions and the white circles repre-
sent the oxygen vacancies).
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Furthermore, the discrimination between the two stable states (on as set and off as reset)
is clearly distinguished but it has higher set and reset voltages. As mentioned above, the

reset currents are also little higher than remaining RRAM devices. Hence as expected, the
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annealing effects improve the stoichiometry of the film and enhance the performance of de-
vices[16]. The effects of the annealing are evident and also clearly indicate the improvement
and uniformity of set and reset voltages for Rs-(i) and Rs-(ii) RRAM devices. By extract-
ing/plotting the distribution of the set and reset voltages versus numbers endurance cycles
are shown in Figure 6.12. The overlap between SET and RESET bands has decreased with
increasing voltage

To analyze the performance of these devices, comparison is performed by defining a
band of voltages for set and reset operations,A|Vset| and AlVreset|, over a number of
endurance cycles. The AlVsetl is 1.03 V, 1.37 V and 2.33 V for Rs, Rs-(i) and Rs-(ii), re-
spectively while the Al Vreset!| values are 0.43 V, 0.38 V and 0.66 V for the same devices.
The switching parameter of set and reset voltages, range of distribution for these devices is
illustrated by plotting the cumulative distribution probability as shown in Figure 6.13.

In continuation of the above discussion and to investigate and analyze the conduction
mechanism of charge transport for these devices, double log I-V plots are shown in Figure
6.14. From slopes, of linear fitting curves, of the devices in the LR and HR states, the LR
states are nearly equal to one which indicates that the devices are Ohmic (slope ~ 1) in
nature. This Ohmic behavior in the LR state supports the filament formation in resistive
switching. It is evident that the high voltage region (> 0.5 V) of the HR state shows non-
Ohmic behavior for these devices. Significantly, the slope is lower for Rs-(i) in comparison

to Rs-(ii) and for Rs device it is close to Ohmic conduction in higher voltage region.
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devices Rs, R5-(i) and Rs-(ii) respectively.

Retention time measurements for LRS and HRS resistances (Rprs and Ryrs )were per-

formed for all the RRAM devices and the data is shown in Figure 6.15. These measurements
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were performed for a duration of > 10* s and the voltage pulsed input of amplitude 100 mV,
width of 100 ps. It is observed that all the RRAM devices are showing good retention time.
The Rs-(ii) device has retained its state for longer times but for times > 10%s, a small dip
of variation in Rygs is noticed. Rygs is very stable throughout the measurement for all the
devices. The resistance ratio (Ryrs/Rrrs) is 40 and 50 for R5 and Rs-(i) devices respectively.
Similarly, the resistance ratio of the Rs-(ii) device 125, which is almost 3 times higher than
the other devices. From this, it is evident that the annealing process improves the resistance
ratio of the RRAM devices. It is noteworthy to mention here that same effects were ob-
served (Figure 6.12) for the device (Rs-(ii)), getting higher switching voltages (set and reset)
and less variation in the switching voltages as the endurance cycling number progresses. It
is also consistent and coinciding with the above discussion that the annealing improves the
switching performances of the HfO, based RRAM devices.

To investigate the role of the oxygen vacancies for the RRAM device for pre and post
thermal annealing effects, the PL measurements are employed. The PL peaks are de-convoluted
using a peak fit program to identify the defects in these films. Mainly, the major peaks at
energy of 2.4, 2.7, 2.8, 2.9 eV and 3.1 eV are considered to fit the curve. The PL spectra
are shown in Figure 6.16 (a-c). It is known from the earlier reports that the PL originates in
HfO, from deep level defects due to oxygen vacancies and interstitial states [9,19]. These
O vacancies are electron traps below the conduction band edge (E). It was reported that
the PL peaks corresponds to the different types of poly O vacancies and F- centers in HfO,
[26]. The intensity of PL emission from HfO, films is found to be decreased initially and
then increased for 500 °C. However changes in the intensity are not considered here for any
quantitative estimates in view of possible sample to sample variation. The detailed shifts of
energy in peak position of the RRAM device are listed in Table 6.4.

TABLE 6.4: The details of peak energy for pre and post thermal annealing of
the RRAM devices.

Device name | Energy of peak position (eV)
Rs 246 | 271 | 2.85 | 299 | 3.13
Rs- (i) 250 | 2.68 | 2.80 | 294 | -
Rs- (ii) 249 | 271 | 2.87 | 3.07 | 3.18

Here, we observe a small but very consistent blue shift together with an increase in in-

tensity upon annealing temperature, which suggests that the electronic excitations induced
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FIGURE 6.16: The Photoluminescence spectra of RRAM devices a) Pristine
(R5), b) 300 °C (R5-(1)), ¢) 500 °C (Rs-(i)).
by thermal treatment caused annealing of defects. This is further supported by the direct

observation of the improved performance of RRAMs devices annealed at 500 °C.

6.5 Effects of the SHI on switching performance of the RRAM de-

vices

6.5.1 Characterization of the RRAM devices

To elucidate the microstructure and surface morphology of the films (prior to top electrode
deposition) that existed pre and post SHI, FESEM measurements were performed. Figure
6.17 shows the FESEM images of the RRAM devices of pre and post ion irradiation. It is
observed that the surface morphology changes with increase in the fluence. It is observed
that the particles are getting defragmented and get uniformly distributed over the surface
and their size decreases as fluence increases. It can be interpreted as the ion induced grain
fragmentation in the HfO, films and is consistent with our earlier reports[14,13]. There
are few research reports in the literature on ion-induced grain fragmentation in fluoride
and HfO; thin films. As we know SHI undergoes electronic energy loss within the films
when these pass through it. This ion-induced electronic energy loss within the film plays an
important role in the observed grain fragmentation and morphological changes. Actually,
SHI irradiation leads to a property, called ion-induced smoothing of surfaces.

The PL measurements were performed for the RRAM device before and after SHI irra-

diation. The excitation energy was chosen to be 3.5 eV, which is less than the band-gap of
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FIGURE 6.17: FESEM images of the (HfO, /Au/Si) RRAM devices (a) Pristine,
(b) 5E10, (c) 1E11, (d) 5E11, (e) 1E12, and (f) 5E12 ions/cm?.

HfO, [12,25]. PL spectra and the deconvoluted peaks for the samples are shown in Figure
6.18.
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FIGURE 6.18: The PL spectra of the RRAM devices (a) Pristine, (b) 5E10, (c)
1E11, (d) 5E11, (e) 1E12, and (f) 5E12 ions/cm? (solid lines indicate fitting and
de-convoluted peaks).

The fitting is performed by using a peak fit program for identifying the oxygen related
vacancies in the thin films. Before irradiation, the peak positions are at 2.4 eV, 2.9 eV and

3.0 eV for Pristine devices. The intensities of these peaks are found to decrease as fluence
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increases. The changes in the intensity can be interpreted as the changes in the density
of oxygen related vacancy type defects in the dielectric. The defect peak position at 2.9
eV might be related to the positive singly charged oxygen vacancy. The oxygen related
defects in HfO, films were earlier reported and most of those studies are consistent with

our previous and present work[14].
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FIGURE 6.19: GI-XRD spectrum of the RRAM devices (a) Pristine, (b) 5E10,
(c) 1E11, (d) 5E11, (e) 1E12, and (f) 5E12 ions/cm?.

To study further, the effects of energetic ions on the crystal structure of these films, XRD
measurements were performed. From the FESEM images it is observed that the particle or
grain size of the HfOy, thin films decrease as the fluence increases (5E10 to 5E12 ions/cm?). It
is expected that the defragmentation of the HfO, is favoring for surface smoothing as fluence
increases. More interestingly, all these films revealed the amorphous nature from GI-XRD
analysis and the GI-XRD patterns are shown in Figure 6.19. Only, the background Au and Si

substrates peaks were obtained. Again, the introduction of monoclinic phase was observed
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when RF sputtered HfO, was subjected to SHI irradiation however such a crystalline phase

is not observed, within the experimental limits, in case of the e-beam evaporated HfO, films.

6.5.2 The effects on switching performance of the RRAM devices

The sample specifications of the available RRAM devices with respect to SHI irradiation

have been given below in Table 6.5.

TABLE 6.5: Details of the RRAM devices for SHI irradiation.

Ion Energy | Average stopping power | Irradiation | Device
(MeV) Electronic Nuclear Fluence Name
(Se)(keV/p) | (Su)(keV/p) | (ions/cm?)
Ag,120 248X10% 1.36 X 10 2 Pristine Rs

" " 5E10 Rs5-(a)
1E11 Rs-(b)

" " 5E11 Rs5-(c)
1E12 R5-(d)

! " 5E12 Rs-(e)

The I-V Switching curves of the crossbar (Au/HfO, (30 nm)/Au/Si) structure with an
active area of 10 ym x10um RRAM device are shown in Figure 6.20. The set and reset
voltages are 0.98 V and 0.59 V respectively for the pristine (R5 device. Possible reasons for

the observed uni-polar switching behaviour are discussed in previous chapters.
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FIGURE 6.20: I-V Characteristics showing the RS behavior of pristine RRAM
device.
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Here, the set and reset curves of the pristine and irradiated RRAM devices have been
shown in Figure 6.21 (a) and (b) respectively. The set and reset voltages have been found
to increase as fluence increases for the RRAM devices. It may be expected that the redistri-
bution of oxygen vacancies is responsible for the formation of filamentary like conductive
path in the insulating material. The formation and rupture of these filaments in the RRAM
devices lead to the switching between two stable resistive states.

The transition from HRS to LRS by formation of conductive filaments is Set operation
while breaking/rupture of them leads back to HRS from LRS resulting in reset operation
are clearly observed. The Figure 6.22 (a) and (b) show the average values of Vs, and Vgeset
distribution as a function of fluence. Most importantly, the ranges of Vs, and Vges+ distribu-
tions increasing up to a fluence of 5 x 10! ions/cm?, possibly due to ion induced annealing
effects [13,27-29]. It is worthwhile mentioning that SHI can play a vital role in determining
the structural, optical and electrical properties of the thin films. However, beyond a critical
fluence (5 x 10 ions/cm?) perhaps filling of oxygen vacancy by ion irradiations result in
the high resistance and set voltages. Here it is important to note the contrast that the switch-
ing voltages increase in case of SHI irradiated HfO, based device whereas the switching
voltages decreased in case of the SHI irradiated HfO, devices studied in the previous chap-
ter. This is an important difference and is consistent with the explanation given in terms of

pre-existing defects and their role in the formation of conducting filaments.

10°
10° 4 ] (b) // 0P
F —&—35E10
_ 10 = 107 —4—1E11
< g ——5E11
) B8P Nt 1E12
g 107 —&—5E10 5 ' P SE12
t : A 1E11 E 10°]
= : I —7—5E11 = k4
o 1071 & 1E12 @] & |
] SE12 - —
10— T T —— 107 T =, T
0 1 2 3 4 5 0 1 2 3
Voltage (V) Voltage (V)

FIGURE 6.21: I-V Characteristics showing the RS behavior of RRAM device
(pristine and irradiated at different fluence) devices: a) Set curves and b) Reset
curves.

The randomness/fluctuations of the set and reset voltages may be expected from un-

certainty of the generation of oxygen vacancies or metallic ions filamentary paths for the
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FIGURE 6.22: The distribution of set voltages of pristine and irradiated of (a)
set and (b) reset devices (Symbol represents the mean value of switching volt-
age and the bars represent corresponding minimum and maximum values).

conduction in the switching layer [9,19]. The ion irradiation also plays a significant role in
tuning the switching parameters of the RRAM devices [13,30]. While passing through the
film, the ion interacts with it and anneal or create the defects along its path. Sometimes these
defects can improve or deteriorate the performance of the devices [13,23,30]. It is observed
that, post ion irradiation, the mean set voltages increase (see in Figure 6.22 (a)) whereas the
reset voltages are found to decrease up to certain fluence and then start increasing.

This can be attributed to the possible annealing of defects by electronic excitations caused
during SHI irradiation. This effect may lead to an improvement of the device performance.
A similar kind of behavior was observed for MOS devices in our previous work [30,31] and
the RRAM work in the previous chapter [32]. As expected, and explained in our earlier
chapters, after the initial uniform ion irradiation reaches a critical fluence, it is an overlap of
the ion tracks on the same device. Therefore, the next ion that is incident after this critical
fluence, will not find a fresh spot and hence will fall on an already irradiated area. Multiple
hits by ions at the same points are considered to be responsible for the creation of excess
defects. SHI irradiation can cause annealing or creation of defects and affect the interfaces as
a function of fluence. The creation of more defects may lead to poor switching performance
of the devices. It is noticed that the overlapping of set and reset voltages increase as fluence
increases as shown in Figure 6.23. More interestingly, it is observed the that increase in mean
set voltages signifies the ion-induced annealing effects at all ion fluences.

To further understand the percentage of variation and to estimate the variation of the

set and rest voltages of these devices, a statistical analysis of the cumulative distribution
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FIGURE 6.23: The endurance cycling pre and post irradiation of the RRAM
devices (a) Rs (pristine), (b) 5E10, (c) 1E11 and (d) 1E12 ions/ cm?.

probability has been carried out and shown in Figure 6.24. It is noticed that the occurrence
of the reset voltages is more stable and less prone to distribution at lower fluences than the
set voltages. Similarly, to elucidate the influence of SHI on the reset current of the RRAM
devices, the CDF is shown in Figure 6.25. Here, it is found that it follows a similar trend
as that of the reset voltages, i.e. a decrease in reset current up to a critical fluence and
further increase with fluence (see in Figure 6.23 (d-f)). Hence, it may be inferred that the
lower fluence shows the effects of annealing on the RRAM devices. It is as expected that the
formation of filamentary conductive paths takes place at higher set voltages. It is contrary in
the case of reset voltages and currents to that of set voltages. Hence, the power dissipation

is calculated to analyze overall performance of the RRAM devices. Here, the average values
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of set and reset voltages and rest currents are given in Table 6.6.

TABLE 6.6: The details of switching parameters of the HfO, based RRAM
devices (pre and Post SHI irradiation).

Parameters Fluence (ions/cm?)
0 (Pristine) | 5E10 | 1E11 | 5E11 | 1E12 | 5E12
Set voltages (V) 1.24 205 | 206 | 28 | 253 | 4.2
Reset voltages (V) 0.88 038 | 04 1.2 0.8 0.8
Reset current (mA) 11 10 44 28 6.5 25

As per the above discussion, the observed resistive switching is due to the filamentary

formation/rupture (either oxygen vacancies or metallic ions) for set and reset operations.
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FIGURE 6.25: The CDF of the reset current of pre and post SHI irradiation (a)
Rs (pristine), (b) 5E10, (c) 1E11 and (d) 1E12 ions/cm? for the RRAM devices.

To study and understand the conduction mechanism for filamentary paths in the RRAM
devices, a linear fitting of the curves logl-logV plots is shown in Figure 6.26. The Ohmic
nature is observed in LR state for all these devices (pre and post SHI irradiation), which
further confirms the filamentary type conduction. Then, the HR state is found to be non-
Ohmic.

Retention measurements were carried out to investigate the stability of the data stored
at the LRS and HRS for all the RRAM devices. Figure 6.27 shows the retention curves of the
RRAM devices (pre and Post SHI irradiation). A continuous voltage pulse with an interval
of 60 s of a 0.1 V is applied for more than10* s to inspect the stability of the state for the
devices. The pristine device is found to be unstable at LR state. Whereas, the retention time
curves have shown better stability for the post SHI irradiation, except for a sudden jump
observed for the fluence of 1E11. Hence, it is noteworthy that the low dose SHI can improve
the device stability and may be used in storage memory devices for retaining the data for
long years without any distortion.

It is important to note that these results are in contrast with the results presented the
in previous chapter. The switching voltages (currents) decreased with increase in RF sput-
tered HfO, based RRAMs whereas the switching voltages/currents increases with in case of
e-beam based deposited HfO, based RRAMs devices. RF sputtered films are of good stoi-
chiometry whereas the e-beam deposited films are of sub-stiochiometric. The interdifussion
of "O" vacancy is expected to be quite different in the sub-stiochiometric films, SHI/thermal

annealing has improved the stiochiometry of the e-beam deposited films. however it is
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very important to note that the main observation is the overlap between set and reset bands
which increase with increase in ion fluence. It is demonstrated that the low fluence SHI can

improve the device performance in both (RF & e-beam) cases.

6.6 A study: a role of Interfacial Layer (IL) on the switching char-
acteristics of RRAM devices
Three sets of RRAM devices with different top electrodes are studied and presented. The

detailed structure of devices is given in the Table 6.7.

TABLE 6.7: The details of the different metal top electrode RRAM devices)

Top electrode | Device structure | Device name
Au Au/HfO,/Au/Si Ry
Cr Cr/HfO,/Au/Si Rg
Al Al/HfO,/Au/Si Ry

The schematic of these stacks is shown in Figure 6.28. For the sake of clarity, hereafter the
devices will be called as Rs5, Rg and Ry as Au, Cr and Al as TE RRAM devices respectively.

Figure 6.29,displays I-V characteristics, set and reset voltages (representative curves) for
the first cycle of each (Rs, Rg and Ry) of these RRAM devices. We find higher voltages
for set and reset operation for the Ry (Al as TE) devices than that of other devices. The
possibility of interfacial layer formation between switching layer and top electrode contact
can be expected for the for the Al and Cr metal electrodes[33]. It is well known that Al is
easily oxidizable in nature. So it is expected that a thin interfacial layer growth that may lead
to the observed increase in overall switching layer thickness. Further it may be interpreted
that the thin layer act as an oxygen reservoir and can play an important role in the resistive

switching process.
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FIGURE 6.28: The schematic sketch of different top electrode RRAM devices.



6.6. A study: a role of Interfacial Layer (IL) on the switching characteristics of RRAM
171
devices

10
eset - Set
1 (a) —O—Reset
S PR I
- 10" 4
g
E 1 Set
S 1071
=
o ] *
7
1077 &
Au Top Electrode
1 Hfﬂ‘l.a_\'(-r-/ ﬁ
o Au
10 T T T T T T T v T v
0 1 2 3 4 5
Voltage (V)
—0—Set
—O0—Reset
—_—
Set
<
A
=
ot
=
Ty
=
o
Au as clapping f
Cr Top Electrode
1 HfQy Layer / Qf
10° . . . —_ .
0 1 2 3 4 5
Voltage (V)
—O— Set
—O—Reset
—
«
S
pree)
=
©
—
?51 +
o
Au as clapping JP
Al Top Electrode
HIO, Layer =
.! ‘ Au f
10_9 T v T T T T T T T T
0 1 2 3 4 5

Voltage (V)

FIGURE 6.29: The set and reset voltage curves of a) Rs, b) Rs and c) R, RRAM
devices.



Chapter 6. Non-stoichiometric HfO, thin films and effects of Swift Heavy lon irradiation
172

on the performance of corresponding RRAM devices

The endurance cycling of the RRAM devices is shown in Figure 6.30 (a-c).
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FIGURE 6.30: The endurance cycling of a) Rs, b) R¢ and c) R; RRAM devices.

Here, the R (Cr as top electrode) device is found to show good resistive switching be-

havior. It is exhibiting a greater number of successful switching cycles (endurance cycling)
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than the other devices conducted over a 50 cycle of each set and reset operation. As ex-
plained earlier, the thin interfacial layer is crucial for the good switching behaviour and it is

evident that CrO, is performing better than the AlO,.
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FIGURE 6.31: The schematic view (a) set, (b) reset and (c) Set, (d) reset op-

eration with and with interfacial layer formation for the RRAM device re-

spectively (the blue circles present the oxygen vacancies and the white circles
present the oxygen ions).

The Figure 6.31 shows the pictorial view of the device with and without thin interfacial
layer formation. The noble or inert metals like (Au) are less susceptible to form oxide and
to form an interfacial layer. Here Figure 6.31(a) and (b) show the set and reset operation for
Rs device (Au as top electrode) respectively. The oxygen vacancies or metallic ions favor
the formation of filamentary conductive paths in the dielectric layer for resistive switching.
Whereas the oxidizable metal can form the interfacial layer, it can act as an oxygen ion
reservoir (see Figure 6.31 (c) and (d)). Similarly, (c) and (d) show set and reset operations for

the oxidizable metal -electrode based RRAM devices, respectively.
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FIGURE 6.32: A pictorial view of the a) symmetric and b) asymmetric metal
electrodes energy band diagram.
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In other words, it can be understood that the work function of the metal contact with

dielectric layer also influences the switching performance of the RRAM device. Figure 6.32

shows the pictorial view of (a) symmetric (R5 device) and (b) asymmetric (Rg and Ry devices)

metal electrodes work function. Asymmetrical metal electrode has the probability of reduc-

ing the potential barrier and the internal tunneling effects are expected in RRAM devices.

The symmetric metal electrode is found to show switching at higher set and reset voltages.

In contrast, the asymmetric metal combination gives good endurance and it is evident that

the interfacial layer enhances the switching behavior of RRAM devices.
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FIGURE 6.33: The retention time (over an interval of 10* sec) of a) Rs, b) Rg
and ¢) Ry RRAM devices.

It is noticed that Ry these devices have a greater number of fluctuations/variations in

endurance cycling. Furthermore, the Ry device has higher set voltage and reset current than

the Rs and Rg devices. To investigate the stability of the data read or write operations for

these devices, the retention time tests were performed. The data of the retention time tests
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devices

of these devices are shown in Figure 6.33 (a-c). It is found to indicate an increase of the
HRS with increase of time for the Ry devices. Significantly, Ry showed the stable resistance
ratio (R,f7/Ron) about an order ~10* which is almost 3 and 1 order greater than Rs and Ry
devices respectively. The LRS values are found to be 0.1£0.9 k2, 0.02 +0.01 and 0.02+0.02

kQ) are for R5, Rg and Ry devices respectively. From LRS, it is indicating that the R5 has lower

stability.
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FIGURE 6.34: The cumulative distribution of set and reset voltages of Rs, Rg
and Ry RRAM devices.

As explained above, the oxygen ions drift towards the anode thereby leaving positively
charged oxygen vacancies in the film for LR state. It is observed that the R5 device has large
variation for the LR state (see in Figure Figure 6.33 (a)). The uncertainty of oxygen vacancies
assisted filamentary conductive paths is more for R5 device. In other words, the non-reactive
or inert metal (Au) electrode will have less probability of interfacial layer above HfO, to the
top electrode resulting in a higher LR state (R, ¢f). To analyze the effects of electrode material
on the switching voltages, the cumulative probability function of these devices is shown in
Figure 6.34. The average set voltage (Vs,;), reset voltage (Vgeser) and reset current (Ireset) are
quantified for these devices. It is noticed that the average values of Vg, are 1.5,2.4 and 2.5V
for Rs, Rg and Ry respectively. Similarly, the Vgs.: values are 0.6, 0.5, and 0.45 V for the same
devices. Furthermore, Ig,,.+ are found to be 4, 10, and 12.2 mA for Rs, R and Ry respectively.
It is noticed that the set & reset current are increasing whereas the reset voltage is decreasing
among these RRAM devices (Rs, Rg and Ry).

To investigate the conduction mechanism, linear fitting of curves has been performed for
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vices Rs, Rg and Ry respectively.

these devices. The linear fitted curves of logl-logV plots are shown in Figure 6.35 (a-c). The
LR state showed the Ohmic behavior for all the RRAM devices. Here, HR state is found to
be non-Ohmic in nature for the entire region of the set curves of the devices. Interestingly,
Rg device is showing Ohmic nature even at high voltage regions. This investigation verifies
the role of the top electrode and the interfacial layers of the RRAM devices. Improvement in

switching properties have been seen for R device. Hence, the study indicates that the work
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function of the top electrode also has a significant effect on the performance of the RRAM
devices (Al = 4.064.26, Cr = 4.5 and Au = 5.10-5.47). In the present study, Cr has proven
to be the most prominent and suitable metal top electrode for resistive switching among the

considered metal electrodes.

6.7 Conclusions

HfO, based crossbar structure RRAM devices have been fabricated successfully. Effects of
thermal annealing and SHI irradiation on the switching performance of RRAM devices have
been studied in detail. It is noticed that the annealing at 500 °C improves the endurance
cycling and resistance ratio of the RRAM devices. The Rs-(ii) exhibited better switching
characteristics and the set and reset operation of the filamentary conduction mechanism
is explained based on the percolation model. It is also noticed that the stability of RRAM
devices has been improved upon annealing. Further, the effects of SHI irradiation on the
performance of RRAM devices are investigated and presented. 120 MeV Ag’* ions with
various fluence are used to elucidate the switching characteristics of these RRAM devices.
It is observed that the SHI also plays an important role in tuning the set and reset voltages.
Significantly, SHI irradiation improved the RRAM device characteristics below a critical flu-
ence.

Finally, the role of the top electrode and consequent formation of interfacial layer on the
resistive switching behavior is also presented. It is observed that the formation of an inter-
facial layer has a great impact on the performance of RRAM devices. The optimum work
function metal electrode (Cr) shows good switching behavior, resistance ratio and retention
time test. Electron beam evaporated sub-stiochiometric HfO, based RRAM devices have
been fabricated. These devices have exhibited superior switching perfomance. Further it is
shown that the performance of the devices can be improved/tuned by subjecting them to

thermal annealing & SHI irradiation. The effects of various metal electrodes are also studied.
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Chapter 7

Conclusions and future scope

7.1 conclusions

HfO, thin films have been optimized by RF sputtering followed by annealing using a tubu-
lar furnace in N environment. Thermal annealing induced a phase transition from amor-
phous to monoclinic at above 500 °C temperature. MIM like crossbar structures of the HfO,
based RRAM devices have been fabricated to investigate their switching properties. In-
fluence of the bottom electrode and the effects of gamma irradiation on the performance
of these devices have been studied and reported. Two different active areas of 10 ym x
10 ym and 20 pm x 20 pum lithography-based RRAMs have been fabricated by using RF
sputtering technique. Effects of SHI on the electrical properties of these RRAM devices are
investigated. More interestingly, it is found to be lowering the set voltages at higher fluence
ranges. Non-stoichiometric HfO; thin films have been optimized and fabricated by using e-
beam evaporation technique. Effects of Thermal annealing and SHI irradiation on switching
properties of the RRAM devices have been elucidated. We find significant annealing effects
at lower fluences by SHI of non-stoichiometric HfO, based RRAM devices. Effects of the
top metal electrode on the performance of these RRAM devices have also been investigated.
It is important to study the effects of metal electrodes and the interface of metal-insulator in
the switching mechanism of these RRAM devices.

The main observation is that a low dose gamma / SHI irradiation improves the switch-
ing properties of HfO, and HfO, based RRAM devices. However the device performance
is deteriorated when the fluence is above a critical value. This critical fluence is close to the

track-overlap fluence in case of SHI irradiation. The work presented in this thesis provides
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useful information to tailor the switching performance of the emerging microelectronic com-
patible RRAM devices. The study also shines light on the possible radiation damage and re-
liability issues of this technologically important class of devices. The study may be extended
to further understand the basic mechanisms that are governing the radiation damage and to

stretch the tolerance limits of these devices in future.

7.2 Future scope:

Fabrication of low power RRAM devices with potential for use in embedded systems is of
current interest. The present study can be extended to develop appropriate electrode/active
layer combinations for performance enhancement of sub-stoichiometric, hydrogenated and
defect engineered oxide based RRAM devices on hard and flexible substrates. H-implantation
and/or thin-film deposition in hydrogen atmosphere may be performed for synthesizing
hydrogenated metal oxide films. It is also important to study and improve the switching
speeds of these devices. The effects of vacancy defects may be elucidated if in-situ Ra-
man, in-situ PL and switching speed measurements are performed by fabricating transpar-
ent RRAMs.

There is a current interest in producing defect assisted conducting channels in dielectrics
toreduce / tuned the formation, set and reset voltages. Hence, controlled amounts of defects
may be created by ion irradiation at precise locations and depth regions to tailor the switch-
ing properties of RRAMS. It is also critical to study the effects of crystalline phases in HfO,
on the performance of the corresponding RRAM devices. An attempt may also be made to
control the switching properties by optimizing the metal/dielectric barrier, stoichiometry
and defect profiles in the active medium to obtain low power, high speed and high density
RRAM devices. Fabrication of "Schottky contact based unidirectional RRAM" devices for
developing non-volatile memory arrays and logic circuits is another challenge. RRAMs also
find applications in gas and bio-sensors. "Design, modeling and development of RRAM
based simple digital logic circuits” is another important aspect in this area. The ultimate ob-
jectives are to realize in-memory computation and applications in neuromorphic systems,
apart from replacing the present volatile RAM and the floating gate based NVMs by RRAMs
in computers and smart devices around us. These are only few open ends among many in

this critical area of research. The technology finds numerous applications in the emerging
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area of the Internet of things. The study may be extended to further understand the basic
mechanisms that are governing the radiation damage and to stretch the tolerance limits of

these devices in future.
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