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ABSTRACT

The aim of the work presented in this thesis is to investigate the effects of annealing
temperature on synthesis and characterization of Au nanocrystals in various dielectric oxides for
nonvolatile memory application.

In the present study, various dielectric oxide layers such as SiO,, HfO, and Al,Oj3 acting
as tunneling and blocking layers were deposited using RF magnetron sputtering and Au charge
trapping layer was deposited using e-beam evaporation technique. Subsequently, trilayer
structures such as HfO,/Au/HfO,, SiO,/Au/SiO, and Al,O3/Au/Al,O3 were annealed in Ny
atmosphere at various temperatures.

The structure, composition and electrical properties of trilayer structures are drastically
affected by annealing temperature. Various characterization techniques such as transmission
electron microscope, Rutherford backscattering spectroscopy, X-ray diffraction, X-ray
photoelectron spectroscopy, current-voltage (I-V) and capacitance-voltage (C-V) measurements
were employed to study the structure, composition and electrical properties. Transmission
electron microscopic images reveal the formation of Au nanocrystals. Rutherford backscattering
spectroscopy was used to estimate the thickness of the trilayer structure. X-ray photoelectron
spectroscopy results confirm the presence of Au nanocrystals. Electrical measurements show an
improvement in leakage characteristics with annealing. The memory window indicates the role
of Au nanocrystals in charge storage characteristics of these trilayer structures. The advantages
and limitations of annealing temperature on charge storage characteristics of Au nanocrystals
integrated with various blocking and tunneling layers have been investigated in detail.
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Chapter 1

Introduction



1.1 Introduction to nanoscience and nanotechnology

Nanoscience and nanotechnology are considered as one of the most promising
interdisciplinary research fields [1]. Nanoscience mainly deals with the study that is
related to the phenomena and manipulation of materials and their properties at atomic,
molecular and macromolecular scale. Whereas, nanotechnology deals with the practical
application, design, production and characterization of materials with nanoscale
dimensions [2]. The properties at nanoscale drastically change as compared to bulk
counterparts. The two main reasons for such a change are large surface to volume ratio
and quantum size effects. Large surface area of nanomaterials leads to more chemical
reactions and quantum effects dominate in materials at nanoscale than bulk resulting in
the modification of properties of the materials. Currently, nanoscience and
nanotechnology find application in various research areas such as information and

communication technology, health, metrology, applied sciences and engineering [1,2].

Although the study and application of nanomaterials could be traced back to ancient
civilizations, the present-day importance of nanoscience and nanotechnology is due to its
ability to synthesize, characterize and manipulate these nanomaterials for various
applications.

1.2 Approaches: Bottom-up and Top-down

Two methods of approach for the synthesis of nanomaterials are bottom-up and top-
down [3] and are schematically illustrated in figure 1.1 [4]. In bottom up approach, the
synthesis occurs by adding up smaller building blocks to form nanomaterials. The
material build-up initiates from atom by atom, molecule by molecule and cluster by
cluster to form nanostructures. The deposition of thin films is an example for bottom-up
approach. In thin films deposition, the formation of thin films occurs due to nucleation
and growth process. Thus, different synthesis processes often result in variation of
properties for the same material. The nanomaterials synthesized using bottom-up
approach are in a state closer to the thermodynamic equilibrium due to the reduction of
Gibbs free energy. Thus, films with less defects, better homogeneity and chemical

composition could be obtained.
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Figure 1.1 Schematic illustrations of bottom-up and top-down approaches

On the other hand, top-down approach involves the decrease in size of a large
material to smaller materials until desired nanomaterial is formed. One of the best
examples is the synthesis of nanoparticles using mechanical ball milling. In mechanical
ball milling, the powder material is ball milled to create nanoparticles. The top-down
approach mostly results in surface defects, contamination and internal stress formation.
Regardless the imperfections, top-down approach plays a crucial role in nanomaterial

synthesis and fabrication.



1.3 Classification of nanostructured materials

Generally, many methods prevail over the classification of nanostructured materials
such as dimensionality, aspect ratio, composition and agglomeration [5]. The first
classification idea of nanostructure materials with respect to dimensionality was given by
Gleiter [6,7]. The method could not classify various nanostructured materials like
fullerene, flowers and nanotubes. Better classification of nanostructured materials (figure
1.2) as 0D, 1D, 2D and 3D was proposed by Pokropivny and Skorokhod [8]. 0D
nanostructured materials are particles with all dimensions within nanometer scale like
quantum dots and clusters. 1D nanostructured materials have length of the order of few
nanometres to few microns like nanofibers, nanorod, nanowires, and nanotubes. 2D
nanostructures have one dimension in nanoscale and other two dimensions outside of the
nanometric range. Examples for 2D nanostructures include thin films, coatings,
nanosheets, nanoplates, etc. Nanomaterials in 3D class have all dimensions more than

nanoscale like powder, nanoball, nanoflowers, etc [6].

0-D 1-D 3-D

A
e -
NANOFIBRES, WIRES BULK
SPHERES AND CLUSTERS AND RODS THIN FILMS AND PLATES NANOMATERIALS

Figure 1.2 Classification of nanostructured materials

1.4 Synthesis of nanostructured materials

The unique properties exhibited by various nanostructured materials than their bulk
counterparts have attracted great technological and scientific interest. Considerable

changes in properties of same materials occur with a change in deposition methods. For
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the synthesis and fabrication of nanostructured materials, various physical and chemical
methods (shown in figure 1.3) are used. Elaborate description on sputtering and electron

beam evaporation method is given in Chapter 3.

Synthesisof Nano
materials

Physical methods A Chemical methods

1 !

1. Electrochemical
deposition

2. Electroless deposition

3. Hydrothermaland

1. Evaporation
technique

2. S i i
puttering technique solvothermal
3. Hotand cold plasma .
4. Spraypyrolysis techniques
5. Pulsed laser ablation 4. Sol—g_el technique
5. Chemicalvapor
deposition
6. Laser chemical vapor
deposition technique

7. Laser pyrolysis

Figure 1.3 Different methods used to synthesize nanostructured materials

1.5 Significance of thin films

Films with a thickness from few to hundred nanometres come under the category of
thin films and fall in the 2D nanomaterials. The progress of modern technology has been
explicitly dependent on thin films. Thin films have been used for various applications
such as storage, photonics, optoelectronics, electronics and sensing [9-11]. Memory

device application of thin films has attracted much attention in recent years.



1.6 Memory devices

Memory is the continued possession of data which can be encoded, stored and
retrieved whenever required. The different types of memory are listed in figure 1.4.
Basically, memory is of two types — primary/volatile memory and secondary/nonvolatile
memory [12]. Random access memory (RAM) comes under volatile memory and read

only memory (ROM) is a nonvolatile memory.

Computer Memory

|

v

Volatile Nonvolatile
Memory Memory
|
DRAM EPROM
SRAM Flash
DRDRAM EEPROM

Figure 1.4 Types of memory

1.6.1 Volatile memory

Volatile memory or primary memory is a semiconductor technology that requires
power source to function and maintain the stored information. The main advantage of
volatile memory is that it protects the sensitive data and functions fast. But the drawback
of such memory is that the data gets quickly and permanently deleted when the power
failure is happened in the system. Major examples for volatile memory are RAM, SRAM
and DRAM.



1.6.2 Nonvolatile memory

Nonvolatile memory or secondary memory is a permanent memory which retains
data even when power is unavailable. It is mainly used as an external storage like floppy
disk, flash devices, magnetic cache device and magnetic disks. ROM, EPROM, PROM,
EEPROM and flash are examples of nonvolatile memory devices. Role of Au
nanocrystals (NCs) in various oxide layers for nonvolatile memory application is

explained in the present thesis work.

1.7 Scaling and replacement of SiO,

To meet the technology scaling in solid state memory devices, miniaturization of SiO,
dielectric layer created tunneling problem and aging, which marked one of the biggest

challenges in the semiconductor technology.

Two basic needs for new gate insulator materials are to prevent electron tunneling but
permeable to electric field [13]. Different solutions were sorted out to tackle the current
crisis of further shrinkage of the gate dielectric. The alternative for such a material was
attained with high k dielectric. Some of these dielectric oxides were used as the insulation
layer but found to have trapped charges at the interface between the dielectric and the
gate electrode. High k oxides of Hafnium and Zirconium showed more stable electrical
characteristics as compared to their counterparts deposited via sputtering and chemical

vapor deposition.

1.8 Requirement and choice of dielectric oxide materials

Si is mainly used in semiconductor industry due to SiO, (used as gate oxide
layer). SiO; is a good insulator, has less electronic defects and it can be easily grown on Si.
But, with the scaling down of SiO; layer for faster and reliable electronic devices resulted in
electron tunneling. Thus, the incorporation of high k dielectrics was proposed. Effective
introduction of these materials in device technology faced problems such as occurrence of
high defect density, continuity in scaling down of effective oxide thickness, loss of carrier



mobility, gate voltage threshold shifts and need for better gate electrode [14]. Thus, for

device application it is required to optimize the oxides to achieve high performance.

To replace SiO; as gate dielectric material, there must be six fold requirements related

to the new oxide material [15,16].

1. Dielectric constant: The dielectric constant and energy band gap play a vital role
with band offset conditions and band alignments. The dielectric constant tends to be
inversely proportional to band gap. The dielectric constant must be over 10, most
preferably between 20-25, which makes HfO, more preferred than other high k

oxides.

2. Thermodynamic stability: Oxides must be stable with Si without forming any

additional oxide layer or any silicides.

3. Kinetic stability: The oxides must withstand a processing temperature around
1000°C without forming any leakage centres. Crystalline oxides cause higher leakage
through grain boundary and can form silicates as compared to amorphous materials.

Al,O3 is reasonably preferred in this category.

4. Insulator: The selected oxide must be an excellent insulator. As compared to the
SiO;, (with band gap 9 eV) the new oxide material must have band gap more than 5 eV
with consideration of band offsets conditions. This limits most of dielectric oxide
material except Al,O3, HfO,, ZrO, and various lanthanum derivative dielectric oxides.

5. Interface: The interface of oxide-Si plays a crucial role for device performance.
Usually, roughness, grain boundaries and defects occurring at the interface reduce the
quality. The use of epitaxially grown crystalline films or the use of amorphous films

helps to attain the desired interface quality.

6. Defects: Mostly in dielectric layers the defects are mainly created by the excess or
deficiency of oxygen or due to the presence of impurities. Charges can be trapped in
these defects resulting low performance, scattering and causing reliability issues for

the device.



The use of SiO; as tunneling and blocking oxide layers in nonvolatile memory needed
replacement for better memory performance due to leakage issues related to scaling
down. Among various dielectric oxides, Al,O; and HfO, are widely studied as an
alternative for SiO, tunneling and blocking layers. Various properties such as high band
gap and dielectric constant make Al,O3; and HfO, as promising materials to block
unwanted charge leakages [16-18]. Thus, Au based Al,O; and HfO; trilayer structures
have the potential to achieve better memory performance than conventional Au embedded

SiO, structures.

1.9 Nanocrystal memories

After the introduction of solid-state memories in late 1960s, floating gate design
generated immense interest among various nonvolatile memory structures. The
information or data is stored as charge in a layer that is electrically insulated from channel
and conventional gate electrode. The injecting or removing charges in this layer is
referred to as writing or erasing. Restriction in further scaling down and improvement of
charge storage are the prominent limitations of conventional floating gate devices. Urge
for devices that are smaller, reliable and with increased storage capacity led to the scaling
of gate dielectric layer between the channel and floating layer to 9-11 nm [19,20]. This
layer is referred as tunneling layer. The thickness of dielectric layer that separated the

control gate and floating gate (control layer) is usually 15-20 nm.

Floating layers in conventional nonvolatile memory devices are mainly continuous
and even a small discharge path in tunneling oxide may affect the nonvolatility of the
memory. Better method to solve this problem is to introduce distributed charge storage
centres rather than conventional floating layer. This concept was successfully
implemented by Tiwari et. al. [21], by introducing a new memory structure with Si NCs
as charge storing element. In the NC based memories, the charge is stored in crystalline

NCs that are mutually isolated and discrete rather than in a continuous layer.



1.10 Au nanocrystal memory

Ge NCs have attracted great significance than Si NCs in nonvolatile memory due to
its smaller band gap and high dielectric constant. Further, improvement in device
performance was achieved using metal NCs as storage nodes. Metal NCs are better than
semiconductor counterparts due to their ability to enhance the electric field, high density
of states, better control over nanocrystal size and provide better work-function
engineering [22]. Among various metals, Au is one of the promising materials due to its
high work function, low process temperature, chemical stability, ease of synthesis,
restricts from oxidation and reactions with dielectric layers [23,24].

1.11 Motivation of the thesis

Since many decades, SiO, is used in semiconductor industry due to its excellent
interface with Si, amorphous nature, less electronic defects and stability. Scaling down of
gate oxide (SiOy) in solid state memory resulted in leakages. One of the possible solutions
is to replace thin SiO, layer with physically thicker oxide that could provide better
capacitance. The use of high dielectric oxide materials (such as Al,O3; and HfO,) can
provide physical thicker oxide layer as compared to SiO, due to its excellent electrical
properties, dielectric constant, prevention of diffusion of metal in tunneling and blocking
layers and band gap values. Furthermore, the memory characteristics can be increased by

integrating Au NCs with these oxides.

1.12 Organization of thesis

Chapter 1: This chapter gives an outline of the thesis work and mainly explains about
nanotechnology and the importance of metal NCs for nonvolatile memory applications.
The general introduction, motivation of the work and organization of thesis are also

mentioned.

Chapter 2: This chapter describes literature related to semiconductor and metal NCs
based nonvolatile memories and ends with the research gap and objectives of the present

thesis work.
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Chapter 3: This chapter explains about materials and methods that are used in this thesis
work. The methods are presented by a general introduction and instrumentation. Basic
properties of various materials (SiO2, Al,O3, HfO, and Au) and working principle of
deposition methods (RF magnetron sputtering and electron beam evaporation) used in this
work are discussed. Finally, various characterization techniques such as X-ray diffraction
(XRD), Rutherford backscattering spectrometry (RBS), atomic force microscopy (AFM),
transmission electron microscopy (TEM), electrical characterization (I-V and C-V) and

X-ray photoelectron spectroscopy (XPS) are also explained.

Chapter 4: This chapter is divided into two sections:

4a) Growth and optimization of HfO; thin films
4b) Charge storage characteristic of Au nanocrystals in HfO, tunneling and

blocking layers

4a) Growth and optimization of HfO, thin films

In this section, the effects of annealing temperature on hafnia thin films prepared by
RF sputtering have been discussed. Thin films of hafnium oxide were deposited onto p-
type Si substrates and annealed at different temperatures in air atmosphere to understand
the effect of annealing temperature on the structural, morphological, compositional and
electrical properties. This work correlates stoichiometry, surface roughness and
crystallinity for better electrical application. This work is published by A. Vinod et. al. in
Vacuum 155 (2018) 339-344.

4b) Charge storage characteristic of Au nanocrystals in HfO, tunneling and
blocking layers

In this section, the fabrication and characterization of Au charge trapping layer
between two hafnium oxide tunneling and blocking layers are discussed. The aim of this
work is to investigate the role of annealing temperature on charge storage characteristics
of Au NCs with HfO, tunneling and blocking layers. The structural, compositional and
electrical properties of the trilayer structure are drastically affected by the annealing

temperature. This work is published in Superlattices and Microstructures by Arun Vinod,
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Mahendra Singh Rathore, Srinivasa Rao Nelamarri in Superlattices and Microstructures
120 (2018) 616-628.

Chapter 5: Electrical and compositional properties of SiO,/Au/SiO, trilayer
structure

In this chapter, electrical and compositional properties of SiO./Au/SiO, for
nonvolatile memory application are investigated. The blocking (20 nm) and tunneling
oxide (10nm) layers were deposited using RF magnetron sputtering and the charge
trapping layer of Au (3nm) was deposited using electron beam evaporation. The aim of
this study is to fabricate Au charge trapping layer sandwiched between SiO; tunneling and
blocking layers and to understand the effect of annealing temperature on various
characteristics of trilayer structure. This work is published by Arun Vinod, Mahendra
Singh Rathore, Srinivasa Rao Nelamarri in Applied Physics A 124 (2018) 548.

Chapter 6: Fabrication and characterization of Al,O3/Au/Al,O3 for nonvolatile
memory application

This chapter demonstrates the structural, electrical and compositional properties of Au
NCs embedded between Al,O3 tunneling and blocking layers. The aim of this study is to

fabricate and understand various properties Al,O3/Au/Al,Os3 trilayer structure.

Chapter 7: Conclusions and future work plan

In conclusion, the present thesis work demonstrates the effect of annealing
temperature on nonvolatile memory device structures such as HfO,/Au/HfO,,
SiO,/Au/SiO, and Al,O3/Au/Al,O3. The role of annealing temperature on structural,
electrical and compositional properties was systematically investigated. The charge
storage behaviour of Au NCs embedded in various oxide layers with annealing
temperature is confirmed with memory window. This chapter also gives an outlook on the

future aspects of the work to be carried out along the same direction.
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2.1 Introduction

In recent years, the growth and widespread of technology led to an increased demand
for memories with high speed, density storage, reliability and low power consumption [25].
Because of device size scalability, alternative dielectric materials capable of replacing SiO; in
memory devices are sought [26]. High dielectric oxide in replacement of SiO, helps in the
reduction of leakage current and can improve the memory performance [16]. Furthermore,
the memory performance of the device is increased using NCs [27]. Si NCs attained great
importance in nonvolatile memory device as compared to conventional nonvolatile memories
[27]. Si NCs were replaced by Ge NCs due to their superior properties related memory
characteristics [28]. Recently, metal NCs (esp. Au NCs) are preferred more than
semiconductor counterparts in nonvolatile memory application for achieving better work
function engineering, high density of states, etc [29]. This chapter presents an overview of
research work that was reported for the fabrication and characterization of various nonvolatile

memory structures.

2.1.1 Semiconductor nanocrystal based memories

Fabrication and characterization of Si nanocrystal memory device with HfO,
tunneling and blocking oxide layers using CVD were reported for the first time by Lee et.
al. Si NCs were grown on HfO, tunneling layer at 600°C. Si NCs formation on HfO, and
SiO; layer under similar growth conditions were compared. It was reported that more denser
and smaller Si NCs were formed in HfO, layer than in SiO; layers and the observation

indicated that HfO, provides more reaction centres for Si NCs formation than SiO, [30].

The influence of Si NCs on the electrical property of SiO2/SiO,/SiO, multilayer stack
was reported by Lu et. al. Si NCs were prepared using high temperature annealing by
varying the oxygen concentration from 0.9 to 1.63 in SiO./SiO, multilayer structure. For the
fabrication of SiO,/SiO./SiO, multilayer stack, SiO, tunneling oxide layer was deposited
prior to the deposition of SiOy layer by evaporation of SiO powder under different oxygen
pressures. The multilayer structure was completed by depositing SiO, control oxide and
annealed at 1100°C in N, atmosphere to form Si NCs in SiO, matrix. The charge trapping,
storing and de-trapping to and from Si NCs were observed in the C-V hysteresis curve. The
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results indicate that oxygen pressure is one of the influential parameters for attaining
nanocrystal density, which plays a crucial role in charge storage behaviour of the multilayer
structure [31].

The effect of annealing environment on the structural and electrical properties of Si
NCs embedded SiO, was reported by Normand et. al. Si ions were implanted on SiO; thin
films to a dose of 2x10'® ions/cm? with an energy of 1keV. The samples were annealed at
various environments such as N, and N + O,. It was observed that the samples annealed in
N, and O, environment exhibit better flat band voltage shift than samples annealed in pure
N, environment. This increase in flat band voltage is reported due to the enhancement of
overall oxide quality and the increased control oxide thickness. Improvement in electrical
behaviour of samples annealed in N, and O, environment was observed for current-voltage
characteristics. The study demonstrates that electrical characteristics of nonvolatile memory
devices can be improved with low energy Si ion implantation and annealing in diluted

oxygen environment [32].

The characteristics and performance of Si nanocrystal based nonvolatile device with
thin and thick tunneling oxide were investigated. The SiO; tunneling oxide was thermally
grown and Si ions were implanted into SiO, tunneling layer. Additional SiO; (blocking)
layer was deposited using low pressure chemical vapour deposition and the structure was
annealed at 1000°C to induce nanocrystal formation in N, ambient. Charge trapping
behaviour due to Si NCs was observed from C-V curve. Results showed that the structure

with thin tunneling oxide shows better writing/erasing time than thicker oxide [33].

S. Choi et. al proposed fabrication of charge trapping layer of SiN with Si NCs. The
purpose of incorporating Si NCs was to increase the trap density. Si ions were implanted on
Si rich SiN layer using low energy Si plasma immersion ion implantation and the formation
of Si NCs at 1000°C was confirmed using secondary ion mass spectroscopy (SIMS). C-V
measurements of three devices with different charge trapping layers such as Si rich SiN,
SiN, and Si NCs in SiN were compared to understand memory characteristics. Larger C-V
curve was obtained for devices incorporating SiN with Si NCs [34].

The effect of additional oxidation on Si NC based memory was studied by Garrido et.
al. Si ions were implanted at room temperature on SiO; layer and the structure was annealed

to form NCs. Additional oxidation was performed in oxygen ambient to understand the
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effect of additional oxidation process on memory characteristics. Decrease in memory effect
due to additional oxidation was reported. It was observed that the reduction in memory
window is due to various reasons such as growth of additional oxide layer, decrease in

nanocrystal size and density [35].

The electrical properties of Ge NCs embedded SiO, were reported by Kanoun et. al.
SiO; tunnelling layer was thermally grown on p-type Si substrate. Ge NCs were grown on
SiO;, layer using low pressure chemical vapor deposition. After Ge nanocrystal formation, a
thick control oxide layer of high temperature oxide was deposited. To understand the
electrical properties of the structure, tunnel oxide thickness was varied, and thickness of
control oxide and Ge nanocrystal formation were optimized and kept constant. C-V
characteristics of various devices with charging and discharging effects were compared. It
was observed that the voltage shift is higher for samples with thicker SiO, tunneling oxide

and the charging effects reduce the current density of nonvolatile memory structures [36].

Memory effects of Ge NCs in HfAIO tunneling and blocking oxides were
investigated. The influence of Ge nanocrystal density, thickness of tunneling and blocking
layers and oxygen partial pressure effects on charge storage characteristics was studied. A
composite target containing HfO, and Al,O; was used as a target for the deposition of
HfAIO tunneling oxide by PLD. Ge NCs were deposited on tunneling oxide layer at 600°C.
Subsequently, after the deposition of the HfAIO control oxide, the structure was annealed at
800°C in N, ambient to reduce the defects in dielectric layers. High frequency C-V
measurements of the samples showed memory window indicating strong charging effects of
Ge NCs [37].

Trilayer structure with Ge nanocrystal in HfAIO for memory application was
fabricated using co-sputtering. Ge NCs were chosen due to its excellent chemical stability
with respect to Hf-based dielectric oxides and HFAIO was selected due to its robustness at
high temperature and high dielectric value. The structure was fabricated by co-sputtering of
HfO,, Al,O3; and Ge. The films were annealed at 500, 700 and 950°C in N, ambient. The
results indicated that at high temperature annealing, GeO, spontaneously reduced to Ge to
form NCs and excess Hf oxidized into HfO,. C-V characterization showed a memory
window of 2.2V. The comparison of results from reference and device samples confirmed

memory effects resulted from Ge NCs [38].
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Ge NCs embedded in SiON layer as charge storage element for nonvolatile memory
application were proposed. Tunneling oxide was grown on p-type Si substrate using dry
oxidation. To form Ge NCs embedded in SiON layers thin films of silicon germanium
nitride, silicon germanium, and silicon nitride were deposited on tunneling oxide. Blocking
layer was formed by the oxidization of deposited a-Si layer. During blocking oxide
formation SiGe-based layer was also oxidized to form Ge NCs at 900°C. To compare the
memory effects of various layers and Ge NCs, three different structures with and without
Ge NCs such as metal/Oxide/SION/GeNCs/SiON/Oxide/Si, metal/Oxide/SION/Oxide/Si
and metal/Oxide/GeNCs/Oxide/Si were fabricated. Results indicated that for voltage sweep
of +5V, Ge NCs embedded SiON structures exhibit better memory window than SiON
trapping layer and Ge embedded in SiO; structures, respectively [39].

Phenomena of charging and discharging of Ge NCs fabricated by low pressure
chemical vapor deposition was investigated. Possibility of electron and hole storage was
reported by applying positive and negative voltage. The discharge kinetics related to leakage
of stored charge in Ge NCs have also been explained. It was found that the discharge kinetics
of electrons are much faster than hole leakage for the same device with same experimental
conditions. The study confirms the potentiality of Ge NCs for p-type MOS memory
application [40].

The above literature review demonstrates about various limitations of conventional
memory consisting of a floating layer. Si NCs (as charge storage layer) were introduced as an
alternative solution to overcome the above problem. However, further studies were carried

out to replace nanocrystals of Si by Ge to improve the nonvolatile memory.

2.1.2 Au nanocrystal based memories

Nonvolatile memory behaviour of Au NCs embedded in SiO, tunneling and Al,O3
blocking layers was reported by C. C. Wang et. al. Au NCs were selected as trapping layer
due to low process temperature, high work function, chemical stability and ease of
fabrication. Here, the sandwich structure of SiO,/Au/Al,O; was deposited using a

combination of three different deposition methods. For the deposition of SiO; tunneling
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layer dry oxidation process was used. RF magnetron sputtering and atomic layer deposition
(ALD) were used to deposit Au and Al,O3 gate oxide layers. To transform Au layer into Au
NCs, the samples were annealed at 600°C for 3 min in N, environment. The hysteresis loop
with a flat band voltage shift of 9V for a voltage sweep of +6V was obtained in the C-V

curve that indicated significant charge storage effect of Au NCs [23].

The charge storage characteristics of chemically synthesized (CS) and vacuum
deposited (VD) Au nanoparticles are reported. The chemical synthesis has an advantage in
the formation of uniform nanoparticles while vacuum deposited process followed by
annealing process has the advantage of ease of nanoparticle formation. SiO, tunneling oxide
was thermally grown on Si and SiO, blocking layer was deposited using plasma enhanced
chemical vapor deposition. The charge storage behaviour of two different structures with
Au nanoparticles (CS and VD) has been investigated. Memory with Au nanoparticles
prepared by VD exhibited better memory window as compared to memory with CS Au

nanoparticles [41].

Sargentis et. al. compared the electrical behaviour of Au and Pt nanoparticle based
nonvolatile memory structures. Au and Pt were deposited on thermally grown SiO,
tunneling layer. The nanoparticles of Au and Pt were formed during the e-gun deposition
without annealing. Thick blocking layer of HfO, was deposited without breaking the
chamber vacuum. The use of HfO, layer as blocking layer has various advantages such as
reduction in low operating voltage of the device and prevention of diffusion of Au in the
tunneling and blocking oxides. To study possible hysteresis effect, the C-V measurements
were performed from inversion to accumulation region and vice versa. The devices with Au
nanoparticles showed better device performance in comparison to devices with Pt

nanoparticles [42].

The potential application of Au NCs together with high dielectric oxide for advanced
complimentary metal-oxide semiconductor was studied by Chan et. al. Trilayer structure
with Au in HFAIO was fabricated using pulsed laser deposition and Au NCs were formed by
annealing at 300 and 500°C. High dielectric oxide was selected as tunneling and control
oxide due to its asymmetric band, dielectric constant walue and thermal stability in
programming and retention modes. TEM images indicate interface layer formation between

Si and tunneling layer due to oxygen diffusion. The charge injection from the substrate to
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NCs was observed in the hysteresis loop. Significant voltage shift with a definite memory
window of 10V for a sweep voltage of £12V was reported. It was found that high density

and small size of Au NCs result in high memory window [43].

Nanofloating gate memory with SiOxN,/Au/SiOxNy was fabricated using sputtering
method. The trilayer structure was annealed at 800°C to remove surface defects formed
between the metal and insulator. Significant voltage shift due to the charging effects of Au
NCs was reported. For a gate bias of +10V, larger threshold voltage shift of 2.5V was
observed between writing and erasing states. The work confirmed nonvolatile memory

device application of Au NCs [44].

The memory performance of Au nanocrystal-based structure was studied by R. Tang
et. al. After the deposition Au layer on SiO; by sputtering, the structure was annealed at
600°C in N to form Au NCs. Then, blocking layer of HfO, film was deposited by electron
beam evaporation and the structure was characterized using XPS, TEM and electrical
measurements. Memory performance of the structure degraded due to electron leakage from
Au NCs through oxygen related vacancy in HfO, blocking layer. Memory window of 1V
for a sweep voltage of £2V, low program/erase voltage and retention performance indicate

the promising nonvolatile application of Au NCs [45].

Charging characteristics of metal oxide semiconductor capacitor structure with
various metals such as Au, Co and Ni were investigated by Guan et. al. SiO, tunneling layer
was thermally grown on Si. Metal layer was deposited using electron beam evaporation and
rapid thermal annealing process in N, ambient was induced for the formation of NCs. The
influence of process parameters on the formation of metal NCs was investigated. It was
found that Au NCs showed promising results such as density, uniformity and size as
compared to Co and Ni nanocrystal formation at 600°C and electron beam evaporation
method together with RTA is an effective method for the formation of high quality Au NCs.
Charging and discharging effects of the structure were observed for hysteresis loop with a
memory window of 4.5V for a sweep voltage of £16V and confirm the potentiality of Au

nanocrystal-based structures for nonvolatile memory application [46].

V. Mikhelashvili et. al. proposed and demonstrated Au nanocrystal based nonvolatile

memory with HfO, tunneling and blocking layers. Tunneling HfO, layer was deposited on
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p-type silicon substrate using ALD. Thin layer of Au was annealed (RTA) at 600°C in N,
atmosphere to form Au NCs. Finally, the capacitor structure was formed by depositing a
blocking HfO, layer using ALD. Hysteresis loop from C-V measurements indicates
charging effects from electrons and holes. Large memory window of 9.25V was reported for

a voltage sweep of £7V and confirmed the charge storage role of Au NCs [24].

To study the charge storage characteristics, a sandwich structure of SiO2/Au/SiO; was
fabricated on p-type Si. Thin tunneling SiO, layer was deposited using dry oxidation
process. Subsequently, Au and blocking layers were deposited using RF magnetron
sputtering at room temperature with low power. The specimens were annealed in N
atmosphere at 600°C to form well-separated Au NCs. Hysteresis loop was obtained from
bidirectionally sweeping C-V curve from accumulation to inversion regions and it indicated
charge storage effects of nanocrystal embedded SiO, layers. The hysteresis loop exhibited a

significant memory window even at low operating voltage of 2V [47].

The thermal annealing effects on electrical characteristics of HfO,/Au/HfO, structure
was investigated by Feng et. al. The simple method for the fabrication of the high dielectric
isolated metal cluster array using ALD and thermal evaporation was proposed. It was
reported that the electrical property of the sandwich structure was greatly affected by
annealing temperature. Thermal annealing resulted in formation of Au islands or clusters in
HfO, films and the properties of HfO, were drastically affected by annealing temperature.
Even though, annealing resulted in removal of defects in the blocking layer it deteriorated

the blocking property of HfO, due to crystallization [48].

The structural and electrical properties of laser annealed Au NCs embedded in oxide
layers were reported. The trilayer structure was fabricated on n-type Si substrate by
thermally grown SiO; tunneling layer. Subsequently, Au layer was deposited on the
tunneling layer using RF sputtering and was exposed to laser annealing for the formation of
Au NCs. Finally, the blocking layer of Y,03 was deposited using RF sputtering. The
memory window obtained indicates the formation of Au NCs and the experimental results
conclude by suggesting laser annealing as a promising technique for nanocrystal formation

in future device applications [49].
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From the above literature, it is observed that metal nanocrystals show significant
memory characteristics than semiconductor nanocrystals and hence metal nanocrystals have
attracted significant interest for nonvolatile memory application. Many researchers have
fabricated Au based trilayer structure using various methods or combination of different
deposition techniques. But, no detailed study prevails to correlate the method of deposition
(esp. using RF magnetron sputtering and electron beam evaporation) and effect of annealing

temperature to understand charge storage characteristics of these structures.

2.2 Research gap

NCs embedded in different oxide layers have potential application in science and
engineering. The scaling down of the memory structure constituted many problems. The
possible solution is to increase the charge storage capacity of the structure using high
dielectric oxides as a replacement of SiO; and to use metal NCs. The use of high dielectric
oxide material for nonvolatile memory has advantage in memory device due to its thermal
stability, dielectric constant, reduction in operating voltages and prevention of diffusion of
metal in tunneling and blocking layers. Meanwhile, Au NCs based nonvolatile memory
possess high density of states, enhance electric field, better work function engineering and
deep potential well that enhances carrier confinement. Thus, the aim of present thesis is to
investigate the effect of annealing temperature on the structural, electrical and compositional
properties of HfO,/Au/HfO,, SiO,/Au/SiO, and Al,O3/Au/Al,O3 structures fabricated by a
combination of two different deposition methods such as RF magnetron sputtering and e-

beam evaporation in detail.

2.3 Objective of thesis

» To understand the charge storage characteristics of Au nanocrystals with HfO,
tunneling and blocking layers.

» To investigate the effect of annealing on the electrical and compositional properties
of SiO,/AuU/SIO, trilayer structure.

» To fabricate and understand the properties of Al,O3/Au/Al,O3 structure for

nonvolatile memory application.
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Chapter 3

Materials and
Methods



3.1. Introduction

Over the past few years, nonvolatile memory structures with Au NCs have been
explored with great interest. The use of various oxides as a replacement for SiO, tunneling
and blocking layers and comparison of electrical properties with conventional structures has
been reported in the present work. This chapter is divided into two sections. The first section
deals on the description of various materials used. The second section is based on different

deposition methods and characterization techniques.

3.2. Materials

In the present thesis, various materials such as SiO,, Al,03, HfO, and Au have been
used. The dielectric oxides (SiO, Al,0; and HfO,) were used as tunneling and blocking

oxide layers and Au was used as trapping layer for the fabrication of trilayer structure.

3.2.1 Silicon dioxide (SiO,)

SiO,, is also known as silica, has many interesting physical properties. It exhibits
both amorphous and crystalline phase. Amorphous SiO, finds application in electronic
devices as gate dielectric material [50,51]. SiO; is also used as an anti-reflection coating due
to its good optical property [52]. The refractive index and dielectric constant of SiO, thin
films are around 1.4 and 4, respectively [53]. SiO, has high band gap around 9 eV [54],
melting point (~1700°C) and chemical stability.

3.2.2 Aluminium oxide (Al,Os)

Al,O3 is commonly known as alumina and has interesting physical, thermal and
chemical properties. Crystalline Al,O3; forms phases such as corundum (a ), cubic (y & 1),
monoclinic (0), etc [55]. Natural crystalline alumina forms corundum structure. Al,O3 has
melting point around 2100°C and is kinetically and thermodynamically stable. Amorphous

Al,O3is useful for the solution of leakage problems in electronic devices. The large band gap
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(9 eV), dielectric constant (5.5) and insulating property make Al,O3; a prominent material in

replacement of SiO, [56].

3.2.3 Hafnium oxide (HfO,)

Hafnium oxide or hafnia is considered as a capable material of replacing SiO, gate
dielectric oxide due to their physical and electrical properties [57,58]. But the key problem in
implementation of HfO, as gate dielectric is its low crystallization temperature. HfO, exhibits
monoclinic, tetragonal, cubic and orthorhombic crystal structures [59-61]. HfO, has high
dielectric constant (25), band gap (5.5 eV) and good optical properties [56,62].

3.2.4 Gold (Au)

Gold is one of the transition metals, which is the noblest metal among other noble metals
[63]. The density of gold is 19.3 g/cm® and its melting and boiling point are ~1064 and
~2850°C, respectively. Gold is an excellent conductor of electricity and exhibits face
centered cubic crystal structure. Gold nanoparticles have attracted great research interest due
to their potential application in optics, electronics, nanoelectronics, medicine, etc [64,65].
Gold NCs are used in memory application due to its high work function (5.1), ease of
synthesis, low process temperature, chemical stability, restricts from oxidation and reactions
with dielectric layers [23,24]. The integration of Au NCs with various oxides (HfO,, SiO, and
Al,O3) acting as tunneling and blocking layers and to understand the charge storage
characteristics with annealing temperature are of great interest from a basic and applied

perspective.

3.3 Deposition methods

3.3.1. RF magnetron sputtering

Sputtering is an efficient physical vapor deposition technique used to deposit high
quality thin films. In sputtering process, atoms are ejected from a solid target material by the

bombardment of energetic ions [66,67]. The process of the ejection of target atoms is by the

25



momentum transfer between the incoming energetic ions and the target atoms. The ejected
atoms are settled on the substrates at an optimized distance from the target materials. Mostly,
argon is used as sputtering gas for the formation of plasma inside the chamber. The solid
target material is connected to the cathode and the substrate holder to the anode. The plasma
is maintained in between the target and the substrate. Atoms of argon gas near the target
collide with the energetic electrons from the cathode, results the formation of Ar* ions. These
Ar” ions strike the target surface and the atoms from target are ejected from the surface by the
cascade process. The number of atoms ejected from the surface of target to the number of
incidence of ions is termed as sputtering yield. The yield depends on various factors such as
the type of target atom, binding energy of the target atoms, incident ion energy, angle of
incidence of ions and the relative mass of ions and atoms. Schematic mechanism of

sputtering is shown in figure 3.1 [68].
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Figure 3.1 Schematic mechanism of sputtering

The sputtering techniques are further classified into different categories depending on
their functions. They are direct current (usually used for coating metals), radio frequency
(used for coating insulators to avoid charge build-up), magnetron sputtering (used to confine
electrons using strong electric and magnetic fields for better deposition) and reactive

sputtering (uses reactive gases and chemical reaction for the deposition of thin films) [69].
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On sputtering of insulating materials, the positive ions (say Ar) are attracted towards
the cathode and eventually neutralized after interacting with the electrons near the surface of
the target. The neutralization of ions stops further attraction of the ions making it unfeasible
for the further bombardment of ions. Thus, direct current (DC) sputtering is mainly used for
the deposition of metal targets and has the demerit that insulator materials cannot be
sputtered. Therefore, insulator can be deposited using radio frequency (RF) sputtering. Here,
by alternating the potential, the charge neutralization on the surface of the target can be
cleaned up. By capacitive coupling, RF power (frequency 13.56MHz) is transferred from
cathode through the insulating material at higher frequencies. During the positive half cycle,
due to higher mobility of the electrons than the positive ions, more number of electrons reach
towards the insulating target by giving it negative bias. For negative half cycles, the
sputtering of the targets due to ion bombardment continues [70].
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Figure 3.2 Schematic diagram of RF magnetron sputtering

In RF magnetron sputtering, a strong magnetic field is used to confine the plasma near
the surface of target material to increase the sputter yield. Due to the magnetic field, electrons
experience a force and follow the helical path around the magnetic field lines. The effective
path length of the electrons is then increased and causing more collision with the neutral
gaseous atoms lead to the higher deposition rate. Figure 3.2 shows the schematic diagram of

RF magnetron sputtering [71].
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In the present thesis work, RF magnetron sputtering is used to deposit various oxide layers
such as SiO,, Al,03 and HfO, as tunneling and blocking layer for nonvolatile memory

application.

3.3.2 Electron beam evaporation

Electron beam evaporation is one form of physical vapour deposition which uses
electrons to evaporate a target material under vacuum for the deposition of thin films [72] and
schematic diagram of E-beam evaporation system is shown in figure 3.3 [73]. Physical
vapour deposition has three basic stages for thin film deposition. Firstly, the target material is
vaporized in vacuum using heat transfer or gaseous plasma. The second stage is the
transportation of the vaporised material to the substrates. Thirdly, the vaporized material
condenses to form thin films. The basic working principle of the electron beam evaporation is
also the same. Here, energetic electron beam is used to concentrate energy on a very small
area of a target material. When the electrons are focused on the material, electrons transfer
its kinetic energy to the material via thermal energy so that the material get vaporized. Under
high vacuum condition, the vaporized material is transferred from the source to substrate.
Finally, the vapours bond to the substrates via condensation leading to the growth and
deposition of the thin film. The advantages of electron beam evaporation method include the
deposition of high purity films, less contamination from the crucible and deposition of more
than one material at a time.

A typical electron beam system consists of coating chamber, vacuum pumps, vacuum
gauges, electron beam gun and a crystal monitor. Deposition of thin films under vacuum
environments has mainly two reasons such as to keep the films from reactive gases and to
maintain better mean free path. The vacuum environment helps in limited collision between
the vapor and the gas molecules. This helps in the propagation or transportation of vapor
molecules in straight line paths.

To produce vacuum environment, a rotary and diffusion pumps are used. The rotary
pump has a rotor, stator and a vane. The gas is pumped out from the chamber by compressing
the gas by the combined working of the oil filled rotor- stator assembly. The rotary pump
helps to create a vacuum pressure up to 10 or 10 mbar (low vacuum). But for better thin
film deposition, reduction in particle density in the chamber is an utmost requirement so that

the mean free path of the particles is long. High vacuum in the deposition chamber is
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inevitable for providing the means to reduce the presence of undesired atoms, molecules and
contaminants and to increase the mean free path of the particles. Here, in the present work,
high vacuum (around 10 mbar) is achieved by using a diffusion pump backed by rotary
pump. The diffusion pump works on the gas diffusion principle to create high vacuum. The
silicone oil in the diffusion pump is heated to its boiling point and is vaporized. These oil
molecules will transfer its momentum to the particles and traps the air at the bottom of the
pump. This creates a low pressure at the top side and a high pressure at the bottom side of the
pump. The high pressure at the bottom side is removed or pumped out using a rotary pump.
To measure low vacuum, pirani gauge is used whereas a penning gauge helps to measure
high vacuum. Pirani gauge is basically a thermal conductivity gauge in which the
conductivity of the surrounding medium is correlated to the pressure using a bridge circuit.
Penning gauge is a cold cathode ionization gauge with a tungsten wire anode and an outer
cylinder of the gauge as cathode. The gas discharge is generated by applying high voltage
(through current limiting resistors) between the anode and the cathode and the resulting ion

current is calibrated with respect to the pressure of the gas for pressure measurement.
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Figure 3.3 Schematic diagram of electron beam evaporation system
In the present thesis work, electron beam evaporation technique is used to deposit Au thin
film as a charge trapping layer for trilayer structure and Al deposited as metal and back
contacts for trilayer structure fabrication.
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3.4 Thermal annealing

Annealing is a process in which the physical or chemical properties of a material is
altered by heat treatment method. Most of the furnace atmosphere basically contain air which
have oxygen, moistures and carbon dioxides. During annealing, the materials can interact
with unwanted gases that are present and can alter their properties. Thus, selection of an
atmosphere is essential for annealing [74]. An atmosphere is selected in such a way that the
materials surface chemistry will be preserved and prevents oxidation. Nitrogen atmosphere is
preferred for semiconductor processing as nitrogen is easily available and restricts unwanted

chemical reactions.
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Figure 3.4 Typical vacuum furnace system

A typical vacuum furnace consists of a furnace chamber, heating element, a vacuum system,
mass flow controllers (MFCs) and electronic displays as shown in figure 3.4. Usually, the
heating element used to heat the furnace chamber is a kanthal wire or coil. By using the
vacuum pump the air atmosphere inside the furnace chamber is pumped out and nitrogen (or
needed atmosphere) is introduced to the chamber using a mass flow controller.

Here in the present experiment, to form Au NCs and to understand the effect of
annealing temperature on memory characteristics of various trilayer structure, annealing was
performed. The trilayer structures were annealed in nitrogen atmosphere at 650°C, 750°C and
850°C for 60 min with a ramp rate of 10°C/min.
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3.5 Characterization techniques

3.5.1 Raman spectroscopy

Raman spectroscopy is one of the vibrational spectroscopic techniques used to obtain
information regarding the structure, symmetry, electronic environment and bonding of the
molecules [75,76]. When light is incident on matter/ molecule, it may undergo elastic or
inelastic scattering. In an elastic scattering process, the energy of the incident light will be the
same as that of the scattered light. This scattering is known as Rayleigh scattering. In
inelastic scattering process, the energy of the scattering light is altered with respect to the
incident light. This scattering is also known as Raman scattering. There are mainly two types
are Raman scattering viz., anti-stokes and stokes. The anti-stokes Raman scattering occurs
when the frequency of the scattered light is greater than that of the incident light. In stokes
Raman scattering, the frequency of the scattered light is less than that of the incident light. In
both Stokes and Anti-Stokes scattering, the difference between the incident energy and the
emitted energy of the light is equal to the transition energy for the molecule. This change in
energy gives the information about various modes, symmetry and bonding of the samples.

Raman spectrometer mainly consists of a source, optical setup and a detector as
shown in figure 3.5 [75]. Mostly, the source consists of laser that is used to excite the
molecules of the sample. The laser beam after passing through the optical setup is focused
onto the sample. The optical arrangement basically consists of a dichromatic mirror,
microscopic objectives, filters, pin holes and focusing lenses. Here, the laser beam incidents
on the sample, most of the photons are scattered with the same frequency as of incident
photons (i.e, Rayleigh scattering). While a small number of photons are scattered with a shift
in frequency from the incident photons. The shift in frequency arises due to the interaction of
incident photons with the molecules of the target The shift in frequency gives the information
about the various phonon modes of the sample. The laser beam from the sample is finally
detected by the detector using a charge coupled device (CCD) camera to produce the Raman
spectrum.

In the present work, the confocal micro-Raman spectrometer using a solid-state laser
operating at 532 nm, at Materials Research Centre (MRC), MNIT Jaipur, is used to

investigate the modes in HfO, thin films.
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Figure 3.5 Schematic diagram of Raman spectrometer

3.5.2 Transmission electron microscopy

Transmission electron microscope is an electron microscope that uses high energetic
electrons to understand the objects on a very fine scale [77]. It is used to observe features
such as the morphology, crystal structure, dislocations and grain boundaries of a specimen.
When a high energetic electron strikes through thin film specimen which is thin enough to
transmit the incident electrons, various interactions can occur between the electrons and the
specimen (atoms). In TEM, some of the electrons may emerge out from the sample without
any interaction with the specimen. These type of incident electrons that are transmitted
through the thin specimen without any interaction are known as unscattered electrons.
Meanwhile, some of the electrons interact with the specimen without any loss of energy but
undergo scattering. These electrons are known as elastic scattered electrons. If the incident

electron loses its energy with scattering, it is inelastic electron scattering.
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Figure 3.6 Schematic illustration of TEM

TEM basically consists of a source, condenser lens, condenser aperture, objective
lens, objective aperture, projector lens and a screen [78] and is illustrated in figure 3.6. A
tungsten filament or LaBg is usually used to generate electron beams. A condenser lens is
mainly used to focus the electron beam and a condenser aperture helps in filtering out
unwanted scattered electrons before the beam is focused on the specimen. From the
specimen, the transmitted beams are focused by an objective lens into an image. The
objective and selected apertures are used to enhance contrast and to observe the periodic
diffraction pattern of the specimen. Projected lens is used to project the beams to a phosphor
screen.

The image mode and diffraction mode are the two operation modes associated with
the TEM. The image mode is further subdivided as bright field, dark field and high
resolution. The three modes differ in the way in which an objective aperture is used in the
back focal plane. In the diffraction mode, the diffraction patterns are obtained by focusing the

diffracted beams using an objective lens.
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TEM is equipped with energy dispersive X-ray analysis (EDX) facility. EDX is used
for elemental identification or chemical characterization of samples [77]. During EDX
analysis, electron beam knocks out some inner core electrons from the specimen. Because of
this vacancy, another electron from the outer most shell jumps to the vacant position by
giving up some of its energy as X-rays. The electron shell and identity of elements could be
identified by measuring or detecting the energy of X-ray emitted. EDX has basically four
main components such as source (usually electron beam or X-ray), detector (Li drifted Si
crystal), amplifiers and multichannel analyser (MCA).

In this present work, High Resolution Transmission Electron Microscope (Make: FEI
Tecnai-T20) at MRC, MNIT Jaipur was used to confirm the formation Au nanocrystals.
ImageJ software was used for the estimation of nanocrystals per unit area from TEM image.

3.5.3 Atomic force microscopy

Atomic force microscopy (AFM) is the characterization technique that is used for the
investigation about surface features, physical properties and materials performance [79].
AFM is a very powerful technique invented by Binning, Quate and Gerber in 1986 [80].
AFM was invented as the modification of scanning tunneling microscope (STM) which
limited its application mostly for the surface features of conductive samples in vacuum. AFM
is a versatile technique that is capable of investigating surface topology of insulators as well
as conductors on an atomic scale [81]. Recently developed AFM instruments are capable of
recording measurements at different temperature scale in air or fluid environment rather than
vacuum and can obtain information from biological and polymeric samples in their native
state.

AFM consists of a light source (laser), photo detector, piezo electric scanner,
cantilever and a feedback electronics as shown in figure 3.7 [82]. The cantilever tip is
fabricated using silicon nitride SizsN4 or silicon (Si) of the order of nanometer size with a
sharp tip at the end which acts as the interaction probe. The top surface of the cantilever is
polished with reflective thin film layer, usually with gold (Au).

In AFM, a fine sharp tip of the order of nanometer scale is attached to end of the
cantilever and is subjected close to a surface of the sample and a deflection is produced by

cantilever due to the Van der Waal’s force between the tip and the atoms of the sample due to
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Hooke’s law. The cantilever can be moved in X-Y direction to scan the whole surface of the
sample. The sample surface roughness causes deflection of the tip during the scanning
process. With the movement or deflection of cantilever, the laser reflected from the top of the
cantilever is detected by the photo sensitive diode (PSD). PSD consists of diodes and is
divided into four parts as shown in the figure 3.7 and it records the signals from the two
halves of the photo diode. A feedback mechanism is also used to keep the tip to sample

distance constant.

Laser

A B

Feedback

C \\ D Laser
pa:h

Photodetector — ]
/
[

Sample
surface

/ —— chip y

Cantilever

5 \¢I Probe

Figure 3.7 Schematic diagram of basic AFM setup.
AFM works in three different operational modes depending on the probe approaches:
1. Contact mode
2. Non-contact mode

3. Tapping (Intermittent contact) mode

Contact mode is basically used for imaging hard and smooth surface. In this mode, tip
is always in contact with the surface by which a repulsive force act between tip and the
sample. It can provide the sharp image of the surface with high resolution. But sometimes
due to high force, the sample may deform. Therefore, soft samples are imaged under tapping
mode or non-contact mode. In tapping mode, cantilever tip oscillates at or close to the
resonant frequency. Due to the interaction of tip to the sample, the amplitude of the
oscillation is modified. The change in amplitude with respect to external reference oscillation
then provide the topographic information about the sample characterization. In non-contact

mode, the tip is oscillating with very small amplitude as in tapping mode and has no direct
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contact with the sample. The interaction between the tip and the sample is long range Van der
Waal attraction.

In the present work, the surface topography and roughness of the films were analyzed
using Bruker atomic force microscope facility available at MRC, MNIT Jaipur. For the

analysis of AFM images, nanoscope analysis software was used.

3.5.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA), is a surface analysing technique that uses soft X-rays to examine
the core levels within a material [83-85]. The basic principle of this spectroscopy is
dependent on the photoelectric effect. The incident soft X-ray is used to irradiate and ionize
the atom by ejection of an electron. The Kkinetic energy of the electron depends on the
incident X-ray energy and the binding energy of the electron. Each element present in a
material can be easily identified as it produces the characteristic sets of peaks at a specific
binding energy [77]. The measurement of binding energy leads to the elemental identification
and the chemical state of the element. The spectra are obtained by measuring the kinetic
energy of the emitted rays from 1-10 nm top layer from the material.

XPS basically consist of the X-ray source, ion gun, energy analyser, detector, data
acquisition system and a vacuum system as shown in figure 3.8 [86]. XPS mostly uses Mg
Ka or Al Ka radiations with energies 1253.6 and 1486.6 eV as the source. The electrons
emitted from the specimen are focused to the analyser using an electron optics which has an
electrostatic and magnetic lens. Hemispherical energy analyser disperses the electrons with
respect to their kinetic energies and it contain two concentric hemispherical electrodes (outer
and inner hemispheres) kept at different potentials. The energy resolution of the instrument
depends on full width half maxima (FWHM) of the source, line width of the photoelectron
emission and the energy resolution of the analyser. Finally, the dispersed electrons are
detected by a group of detectors such as discrete dynode, channeltrons and multichannel
detectors. The data acquisition system acquires and stores the data. The entire
characterization set-up needs internal ultra high vacuum (UHV) environment for obtaining
the maximum electron counts. The UHV is reached/ obtained using turbo molecular pump

with rotary pump assistance.
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Figure 3.8 Schematic diagram of XPS

In the present thesis work, XPS spectra was obtained using an Omicron ESCA+ X-ray
Photo Spectrometer from Oxford Instrument Germany with a monochromatic Al Ka
(hv=1486.6 eV) X-ray radiation at MRC, MNIT Jaipur. For the analysis of XPS results

CasaXPS software was used.

3.5.5 X-ray diffraction

X-ray diffraction (XRD) is a non-contact and non-destructive technique used to
understand the crystalline phases, different polymeric forms and the structural properties of
the materials [77]. This measurement offers accurate results, which cannot be replaced by any
techniques in crystalline, partially crystalline and amorphous materials. The intensities
produced by the materials of a particular sample gives quantitative and precise information
about the crystal structures, unit cell parameters, crystallite size, strain, epitaxy and defect
structure.

Crystal structures are made up of a series of planes of atoms in which each plane is
spaced with a distance dnq with each other. But various atomic planes in a crystal can be

resolved with different d-spacing. For distinguishing different planes there is a coordinate

37



system introduced by William Hallowes Miller called Miller indices [87]. Using the Miller
indices, we can uniquely identify any atomic plane and crystal structure. If the distance

between two planes is denoted by dn, for a cubic system the d-spacing is given by:

a
V(h2 + k2 +12)

dpp =

where a is the lattice constant of the crystal. When the X-rays are scattered from atoms of
target material, the X-rays interfere constructively, and diffraction peak is observed. The

constructive interference condition to occur according to Bragg’s law (6g) is given by [88]:

nil = ZdhleineB

where, 65 is the angle between the incident X-ray beam and the atomic planes. For observing
the diffraction pattern, the detector should be at an angle twice to the incident angle 85 and
the orientation must be in such a way that, the normal to the diffracting plane must be
coplanar with the incident and diffracted X-rays.
X-ray diffractometer consists of three essential components:

1. X-ray tube

2. Sample holder

3. X-ray detector

X-rays are generated in the cathode ray tube (CRT) by the bombardment of energetic
electrons on the target materials. The most widely used laboratory X-ray tube uses a copper
anode, but cobalt and molybdenum are also popular. Electrons are produced by heating the
filament (thermionic emission process) and are accelerated by applying high potential
voltage. The generated X-rays are collimated using a filter (foils or crystal monitors) to
produce monochromatic radiations, directed onto the specimens. Slits, crystal
monochromator, X-ray mirror are the main components used in collimator for obtaining good
focused sharp beam. The diffracted X-rays from the specimen in the range of 20 angles are
then detected. The intensity of the diffracted X-rays, from the crystalline planes at the
different orientation, is recorded by the detector. The constructive interference pattern is
occurred by impinging the X-rays and a particular intensity is recorded for a preferred

orientation. A detector traces the diffracted X-ray signals, process them and convert signal
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into counts which displays as output on the monitor screen. The schematic diagram of a
typical X-ray diffractometer is shown in figure 3.9. In the present study, the crystallographic
information of trilayer structures is obtained using Panalytical X-Pert Pro X-ray
diffractometer using Cu-K, radiation source with the wavelength of 1.54 A at MRC, MNIT
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Figure 3.9 Schematic diagram of X-ray diffractometer

3.5.6 Rutherford backscattering spectrometry

Rutherford backscattering spectrometry (RBS) is one of the ion beam analysis
methods used to investigate the composition and thickness of films. Here, in RBS, energetic
ion beams having energy in the range 1 to 4 MeV are impinged on the target or the specimen
and the backscattered projectiles are detected by sensitive solid-state detector [78,89]. The
energy distribution of backscattered ions that are detected by detector help in determining
compositional properties of the target material. This method is a non-destructive technique
and finds application in various fields of science and technology [90]. Generally, RBS is used
to understand the nature of impurities and various corrosion related phenomena in
metallurgical engineering. Whereas, the growth mechanisms and related diffusion
phenomena is studied in solid state physics. But, in surface science, RBS helps to understand
the trace impurity percentage, atomic transport, gettering (process of removal of impurities or
defects) and related adsorption mechanisms. For electrochemical application, backscattering
spectrometry is one of the essential methods to understand anodic oxidation mechanism and

passivity of a specimen. In semiconductor device physics application, the diffusion profiles,
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implanted ion species location and layer thickness are key subjects of RBS analysis [90,91].
The basic principle of Rutherford backscattering spectrometry is based on the kinematics for
binary collision. Here, an incident alpha particle loses its energy due to the interaction with a
specimen and is backscattered.

The energy loss mechanism for the incident alpha particle happens mainly by two
processes. Firstly, the particle losses its energy while they pass through the target material
and the materials stopping power is a factor that influences energy loss. Secondly, the
incident particle loses its energy via collision with the target atoms. The energy loss is due to
the transfer of momentum between the incident particle and the target atoms and is highly
dependent on masses of the projectile atoms. If Eg is the energy of alpha particle with mass
M; interacts with a target of mass M, and is scattered by an angle 6 with an energy E;. Then,
the ratio of the scattered particles energy to the incident particle energy is kinematic factor
(K) and is given as [77]:

Eq
k=%

The RBS set-up mainly consists of an accelerator, collimators, detector, multichannel
analyser, ultra-high vacuum scattering chamber and electronic modules for data processing
and acquisition as shown in figure 3.10 [92]. The first and essential component to produce
high energetic projectiles is an ion source. The ions produced from the ion source are then
accelerated through a high voltage gradient and the electrons in the ions are stripped using a
stripper foil to produce positive ions in an accelerator. The positive ions are passed through
an analyser magnet and is collimated using a collimator before it reaches the scattering
chamber. In scattering chamber, the beam falls on the target and the backscattered ions are
detected using a solid-state detector. The signals obtained are amplified using a pre-amplifier
and amplifier until it reaches the multi-channel analyser. The obtained spectrum is fitted
using RUMP simulation [93]. In the present work, RBS measurements of films are performed
using a-particle of energy 2 MeV using pelletron accelerator (RBS-400 Model) facility at
IUAC, New Delhi.
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Figure 3.10 Schematic illustration of RBS experimental setup

3.5.7 Electrical characterization

Electrical characterizations are widely used in semiconductor industries and research
labs for testing and evaluating new materials, devices and circuits. The combined use of
advanced test methodologies, instrumentation and apt software help engineers and scientists
to derive numerous electrical parameters. Capacitance-voltage and current-voltage
measurements are the electrical measurements used to study the quality, reliability and
performance of devices.

For MOS capacitors, C-V curve is recorded by applying a direct current (DC) bias
voltage across the capacitor and making the measurement with an alternating current (AC).

The DC bias voltage applied helps the device to sweep across accumulation, depletion and
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inversion regions. In accumulation region, majority carriers accumulate near the interface
region between the insulator and the semiconductor with strong DC voltage. The majority
carriers are pushed away from the interface with a decrease in DC voltage creating a
depletion region. The reversal of polarity results in minimum capacitance as the charge
carriers are pushed further away from the dielectric oxide layer and forms inversion region.

In the present thesis, the leakage characteristics and memory window of trilayer
structures were characterized using current-voltage and capacitance-voltage measurements.
The electrical characterizations were performed using Agilent B1500A Semiconductor

Device Analyzer at MNCF, 11Sc. Bangalore.
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4.1 Growth and optimization of HfO, thin films

4.1.1 Introduction

In recent years, the demand for low cost, faster and reliable electronic devices with high
efficiency has attracted considerable attention. For decades, the silicon industry relied on
Si0O, gate dielectric until the scaling down of the dielectric has reached both its technological
and theoretical limits [94,95]. Further shrinkage of SiO, gate dielectric thickness restrained
due to permittivity and electron tunneling effect [96]. Due to the aforementioned difficulties,
an alternative replacement for SiO, gate material has gained great interest. Among various
dielectric materials such as Al,O3, ZrO,, HfO,, La,0O3, SrO, and Y,03, hafnium oxide has
received significant focus due to its thermodynamical stability, reasonable energy gap,
excellent electrical properties and high dielectric constant [97]. Moreover, the unique
combination of structural, optical and electrical properties of HfO, films is used for various
electronics and optoelectronics applications.

In optoelectronic applications, hafnium oxide thin films are very useful for anti-
reflection coating in optical waveguide devices to reduce the Fresnel loss [98]. HfO, thin
films are also being used as protective coating for electrical applications due to the
hydrophobic effectiveness for outdoor insulators [99]. Moreover, in the electrical application,
the presence of large conduction band offset in HfO, with respect to Si helps to attain lower
leakage current at expected operational voltages [100,101]. The electrical properties such as
capacitance and leakage current density of HfO, thin films drastically change with annealing
[102]. For industrial application, low temperature annealing is required in the production
process and HfO, thin films undergo phase transition from amorphous to crystalline even at
low temperatures [103]. The formation of grain boundary due to crystallization, increases the
leakage current and degrades the device performance [104]. Thus, the growth of high purity,
quality and stoichiometry thin films and modulation of their properties under various
conditions are of great interest for solid-state devices and communication. This attracts huge

demand for the growth and optimization of high-quality HfO, thin films.

There are various physical and chemical methods employed to grow HfO, thin films

such as electron beam evaporation, reactive dc sputtering, RF magnetron sputtering, metal-
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organic molecular beam epitaxy and atomic layer deposition [105-110]. RF magnetron
sputtering has various advantages like less wastage of the material, high adhesion of films
and excellent uniformity with good packing density as compared to other methods. Recently,
Das et. al. had reported the utmost importance of high-quality HfO, thin films and its
incorporation into a low dimensional semiconductor technology [111]. Nam et. al. and He et.
al. report the formation of stoichiometric HfO, thin films at high temperature annealing
[59,112]. The variation in electrical and structural properties of HfO, based MOS structure
with low surface roughness was studied by Khairnar and Mahajan [105]. This study shows
that there is an utmost need to correlate stoichiometry, surface roughness and crystallinity for
better electrical application. Our work aims at the systematic and detailed study of the growth
and optimization of RF magnetron sputtered HfO, thin films and the correlation of the effects
of annealing temperature (200, 400 and 600°C) in air atmosphere on the stoichiometry,
surface roughness and crystallinity of HfO, thin films for various applications from a basic

and applied scientific perspective.

4.1.2 Experimental details

Hafnium oxide thin films were deposited by RF magnetron sputtering method onto a
p-type silicon (100) substrates with resistivity of 1-10 Qcm. The substrates were thoroughly
cleaned by standard Radio Corporation of America (RCA) | and Il process before deposition
[113]. For sputtering, HfO, target purchased from ACI Alloys, USA of purity 99.999% (5N)
was used. The target was placed in a 2-inch holder, at a distance 10 cm from the substrates.
Initially, the chamber was evacuated to a high vacuum pressure of 6x10® mbar using a rotary
assisted turbo pump. The working pressure was maintained at 3x10 mbar by introducing
high purity Ar gas (99.99%) into the chamber using mass flow controller. The Ar flow rate
and RF power were kept constant (20 sccm and 100W) during deposition. Prior to deposition,
the target was pre-sputtered for 10 min to remove surface contamination, if any, present. The
substrate holder was rotated at low rpm to get uniform films, and the thickness of the film
was around 25 nm as measured by a digital thickness monitor (DTM). After the deposition,
annealing of the samples was carried out using a muffle furnace in air at different
temperatures viz. 200, 400 and 600°C for 30 min with a ramp rate of 10°C/min. For electrical
measurements, Al contacts with diameter ~1 mm and thickness around 250 nm were

deposited using electron beam evaporation.
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Raman spectra of the films were obtained using confocal micro-Raman spectrometer, which
incorporates a solid-state laser of 532 nm. The structure of the films was evaluated using
PANalytical X pert Powder X-ray diffractometer with Cu Ka radiation (1.54A). The surface
morphology of the films was studied using Bruker atomic force microscope. The chemical
states and composition of films were examined using X-ray photoelectron spectroscopy
(XPS) with a monochromatic Al Ka (hv=1486.6 eV) X-ray radiation under a base pressure of
6x10'° mbar using an Omicron Nanotechnology (ESCA+) from Oxford Instruments. The
electrical measurements were carried out using B1500A Semiconductor Device Analyzer

with frequency 1MHz at room temperature.

4.1.3 Results and discussion

The Raman spectra of as-deposited and annealed HfO, thin films in the range of 120
to 600 cm™ are depicted in figure 4.1. The broad peak around 150 cm™ for the films annealed
at 200°C indicates the amorphous nature of the hafnia films. The peaks around 302 and 520
cm™ correspond to acoustic and optical phonon modes of Si substrates [114,115]. For
samples annealed at 600°C, the origin of a new peak at 147 cm™ is observed, which is
attributed to the Ag mode in HfO, monoclinic structure. It is evident from the spectra that
crystallinity increases with an increase in annealing temperature and there is a phase
transformation from amorphous to crystalline structure at high temperature. Theoretical
analysis predicts that for monoclinic structures, there are 36 phonon modes present, out of
which 18 (9Aq + 9Bg) are Raman active modes, 15 are IR active modes and other three are
zero-frequency translation modes [116]. In addition, the modes of HfO, have been studied by
Zhou et. al. [117] using density functional perturbation theory. The results obtained are in
good agreement with the reported phonon modes of monoclinic structure [116-120]. The

bands occurred in the range of 130-300 cm™ are mainly due to Hf-Hf vibrations [120].
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Figure 4.1 Raman spectra of HfO, thin films i) as-deposited and ii) annealed at a) 200°C b)
400°C c) 600°C.

XRD patterns of the pristine and annealed films are shown in 4.2. The XRD spectra of
the as-deposited and films annealed upto 400°C reveal amorphous nature. A phase transition
from amorphous to crystalline was observed for films annealed at 600°C. The phase
transition could be due to the attainment of required activation energy in the form of
temperature for rearrangement of atoms leading to crystallization of films [10]. The films
annealed at 600°C exhibit monoclinic phase of HfO, with polycrystalline nature as evident
from (111), (111), (002), (200) and (102) planes [121]. The crystallite size is calculated
using Scherrer formula [88] and it is found to be around 17 nm.

The surface morphology of the as-deposited and annealed films is presented in figure
4.3. The rms roughness of pristine and annealed films up to 400°C is around 0.20 nm. The
images indicate that films are smooth, uniform and high-quality without any cracks, which
make them suitable for the possible optoelectronic application. Further, it is observed that the
surface roughness increased for the films annealed at 600°C. The increase in roughness could

be due to the agglomeration of smaller grains to form bigger grains.
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Figure 4.2 X-ray diffraction pattern of as-deposited and annealed HfO, thin films

To understand more about the surface symmetry distribution and spike of statistical
distribution, two parameters such as skewness and kurtosis of the thin films were studied
using nanoscope analysis software. The skewness and kurtosis refer to the third and fourth
moments of roughness distribution function and both parameters are dimensionless quantities
[122,123].

Table 1. The roughness, kurtosis and skewness values of the pristine and annealed HfO, thin

films
Sl. No. | Sample Roughness | Skewness | Kurtosis
1 As-deposited | 0.21 -0.92 14.50
2 200°C 0.20 0.20 8.5
3 400°C 0.19 0.07 3.01
4 600°C 0.52 -0.22 3.99
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For a gaussian distribution, the local maxima at a certain height under and over the
mean line will be equal to the local minima, the kurtosis and skewness values are 3 and 0. A
negative skewness represents that the film surface is with enormous local maxima whereas
the positive skewness indicates the film surface with larger number of local minima above the
mean as compared to the gaussian (skewness = 0). When compared to gaussian distribution
(kurtosis = 3), the surface with a high kurtosis has enormous local minima above the mean
but for a surface with high number of local maxima has low kurtosis [123,124]. The
roughness, kurtosis and skewness value of the films are given in Table 1. The negative value
of skewness signifies topological surfaces with a plateau-like structure and positive value
implies surfaces without plateau. The high kurtosis and positive skewness values result in a
lower static coefficient of friction. A negative skewness value results in a deviation in
gaussian distribution. The above results indicate that the films may find potential applications
in tribology [125-128].

a) As-deposited

c¢) Annealed at 400 °C

0.7 nm

Figure 4.3 Surface morphology of as-deposited and annealed HfO, thin films
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XPS spectra of HfO, thin films annealed at different temperatures recorded in the
spectral range of 0 to 1100 eV are shown in figure 4.4. All the spectra were calibrated by
adjusting C 1s peak at 284.8 eV. The identification of chemical composition of the thin films
was capacitated by the peak positions in XPS spectra. It is evident from the graph that no
other trace element except hafnium, oxygen and carbon are present. The core elemental
spectra corresponding to 4f peaks of Hf along with their spin-orbit splitting values were
analyzed (shown in figure 4.5). The feature peaks in the range of 16-19 eV stipulate the
formation of Hf-O bonding in HfO, [129]. The spin-orbit splitting values (1.7 eV) match well
with the previous reports. The binding energy of Hf 4f;, and Hf 4fs, related to the Hf-O bond
in HfO, shifted to higher binding energies with annealing. The shift in binding energy
suggests the existence of the electric field, charge transfer effect, environmental charge
density or hybridization [130]. In the present work, the binding energy shift could be due to
charge transfer related to the bond formation of hafnium oxide, sub-oxides that might have
resulted an increase in potential experienced by the core electron that leads to a binding

energy shift.

c) annealed at 600°C

Hf 4f

Hf 4p3;2
Hf 4d3/2
Hf 4ds/2

b) annealed at 400°C

iy |

Intensity (a.u.)

a) As-deposited

. L

1§+ 1§ &1 r&7rrrrr. v0o o Tnrr o rrro 91
1100 1000 900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)

Figure 4.4 Survey XPS spectra of as-deposited and annealed HfO, thin films



The O/Hf relative concentration of the as-deposited thin films reveals almost
stoichiometry (1.96:1). The deconvolution of Hf 4f peak at 16.2 eV and 17.9 eV indicates the
formation of 4f7;, and 4fs;, corresponding to Hf 4f in hafnium oxide as-deposited films. The
spectrum also suggests a small visible sub-peak towards the lower binding energy. This may
be due to the presence of Hf-Hf bond and suggests oxygen vacancies or defects in HfO, thin
films [45,131]. For annealed films, the shoulder peak shifts toward the higher binding energy
values. This may be attributed to the formation of hafnium sub-oxide resulted from the
interaction of the hafnium metal with the oxygen [132,133]. The result of annealed films also
suggests formation of hafnium-rich hafnium oxide and various interactions leading to sub-
oxides formation. The bond formation of hafnium oxide, sub-oxides and their change could
have resulted an increase in potential experienced by the core electron that leads to a binding
energy shift [134].
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Figure 4.5 Core elemental XPS spectra of Hf 4f regions of as-deposited and annealed HfO,

thin films
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Current-voltage characteristics of as-deposited and annealed films at 600°C are shown
in figure 4.6. The annealed films show more leakage current than compared to the as-
deposited films. The crystallization of the films with annealing causes increase in leakage
current due to leakage paths [135-137]. The asymmetric nature of I-V curve in the
accumulation and inversion bias is observed in the figure 4.6. This indicates that the leakage
current under the substrate injection is lower than that under the gate injection at the same
absolute voltage value [138,139].
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Figure 4.6 1-V characteristics of as-deposited and annealed HfO, thin film

Therefore, the growth process of the thin films may not only occur during the
deposition but also later stages of post deposition annealing. The effect of annealing caused
phase transition from amorphous to monoclinic structure. The crystalline films can increase
the leakage current whereas an amorphous film restricts current leakage [140]. The AFM
images reveal that the amorphous films are smooth than crystalline films. Thus, the
amorphous thin film finds promising electronic application due to less current leakage rather
than crystalline films [141,142].

In summary, HfO, thin films have been grown by RF magnetron sputtering on Si
substrates. The effects of annealing temperature on structural, morphological, compositional

and electrical properties were systematically investigated. Raman analysis reveals the
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occurrence of phase transformation at high temperature. X-ray diffraction pattern confirms
the formation of monoclinic structure. AFM images show that the amorphous films are of
high-quality, which are smooth and crack free. Variation in kurtosis and skewness values
reflect the potential tribological applications of the films. XPS spectra suggest shift in binding
energy with annealing temperatures. Electrical measurements suggest the increase in leakage
current with crystallization. The amorphous films exhibit better morphological,
compositional and electrical properties than annealed crystalline films and these films are
useful for electronic applications. It could be concluded that the annealing temperature

strongly effects the structural, compositional and electrical properties of the films.

4.2 b) Charge storage characteristic of Au nanocrystals in HfO, tunneling

and blocking layers

4.2.1 Introduction

Recently, nonvolatile memory (NVM) has attracted considerable attention due to the
huge demand for faster, reliable and high capacity devices. An increase in data retention
performance is achieved, especially in the programming efficiency of the device, by the
introduction of high dielectric material rather than SiO, [24]. The occurrence of smaller
conduction band as well as valance band offsets as compared to SiO, has enabled the
performance of high-k materials in lower operating voltages [143,144]. Out of various high-k
materials, HfO, is known to form better interface with Si and has better bandgap and
dielectric constant [48]. Recently, floating gate memory devices have attracted wide interest
for nonvolatile structures due to their retention time and low operating voltages. The
improvement in memory performance can be achieved through the integration of

semiconductor or metal NCs with high-k dielectric materials [25,145].

Particularly, metal nanoparticles possess large density of states and are preferred over
semiconductor NCs due to their ability to enhance the electric field and provide better work-
function engineering [146]. Among various metals, gold has gained considerable attention as
it is non-toxic, easy to synthesize, has high density of states, large work function (5.1 eV),

which creates deep potential well that enhance carrier confinement [147]. Au NCs as charge
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storage nodes in various oxide matrices with better performance and retention time were
reported [23,148-150].

Various techniques are employed for the synthesis of Au nanoparticles including
electron-cyclotron-resonance plasma sputtering method, atom beam co-sputtering, chemical
method, electron beam evaporation [151-154]. The properties of NCs memory are influenced
by the size, shape and configuration of the NCs [155]. Moreover, NCs separation play an
important role in the charge loss rate of the storage and retention behaviour of device. If the
NCs are adjacent, it may act as a discharging path and degrade the charge storage and
retention properties of the nonvolatile memory [146]. Thus, synthesis of Au NCs with
uniformity and assembling them into a well-ordered matrix is most challenging. The use of
insulating layer (HfO,) helps in attaining the necessary separation between adjacent NCs by

preventing agglomeration [156,157].

There are various physical and chemical methods are employed for the fabrication of
nonvolatile memory devices. The advantages of oxide deposition using RF magnetron
sputtering include less wastage of the material, high adhesion of films and excellent
uniformity with good packing density [158]. For the deposition of metal charge trap layer,
electron beam evaporation method has merits in the deposition of material with high purity as
there is a direct transfer of energy to the source via electron beams, simplicity, large area

deposition and better control of deposition rate [159].

The main objective of the present investigation is to fabricate trilayer structure
HfO,/Au/HfO, and to understand the effect of annealing temperature on various
characteristics. Therefore, the trilayer structure of HfO,/Au/HfO, was deposited on Si
substrate and further annealed at various temperatures for the formation of NCs. However, to
the best of our knowledge, the combined use of RF sputtering and e-beam evaporation for the
fabrication of HfO,/Au/HfO, trilayer structure has not been reported. Figure 4.7 shows the

schematic diagram of the formation of the nonvolatile memory structure.

4.2.2 Experimental details

The nonvolatile memory trilayer structure was fabricated on p-type silicon substrates.

Prior to the deposition, the substrates were thoroughly cleaned by Radio Corporation of
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America (RCA) I and Il processes [113] and HF was used for the removal of native oxide
layer. The tunneling and blocking oxide layers of HfO, were deposited by RF magnetron
sputtering method with target-substrate distance (5cm), base pressure (6x10° mbar, working
pressure (3x10°® mbar), Ar flow rate (20 sccm) and RF power (100W). The target was pre-
sputtered for 10 min to remove surface contamination and native oxides prior to the
deposition. The substrate holder was rotated at low rpm (2) to obtain uniform thickness of the
films [59] and the thickness of tunneling oxide was around 10 nm and blocking oxide was 20
nm as measured by a DTM. The Au layer of 5 nm was deposited using electron beam
evaporation. The basic NVM structure with HfO, tunneling and blocking layers is
schematically illustrated in the figure 4.7. After the deposition, annealing of the samples was
carried out for 60 min in nitrogen environment at 650°C, 750°C and 850°C with a ramp rate
of 10°C/min.

Figure 4.7 Schematic illustration of NVM structure.

4.2.3 Results and discussion

X-ray diffraction spectra of pristine and annealed HfO,/Au/HfO, nonvolatile memory

structures are shown in figure 4.8. There is no peak observed in spectra of as-deposited
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sample, which indicates that as grown films were amorphous. After annealing at a
temperature greater than 650°C, HfO, films exhibit a monoclinic crystalline phase with the
presence of predominate (I11), (111) and (200) planes. It is evident from the spectra that the
orientation is predominant in the (111) rather than (111) plane. The growth of the thin film in
a preferred orientation is dominated by the minimization of total free energy. This could be
explained by the migration of atoms towards the plane with lower surface energy. The basic
crystal growth mechanism indicates that the growth of a crystal face is favoured by the
crystal orientation. At preferred growth conditions, a growth competition may rise among
differently oriented crystals. This may give rise to fast and slow growth rates of various
preferred orientations. This competition will lead to an orientation selection and texture
growth [160].

Annealed at 850°C

Annealed at 750°C
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Annealed at 650°C

As-deposited

27 30 33 36 39 42 45 48
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Figure 4.8 XRD pattern of NVM structure before and after annealing.

The Au/HfO, films deposited on carbon coated Ni TEM grids were annealed at
850°C. The TEM micrographs and elemental image mapping through STEM-EDX are shown
in figure 4.9. The density of the Au NCs is around 1x10™ /cm® The HR-TEM image of Au
points to the nanocrystal formation with a lattice spacing ~ 2.36 A which corresponds to
(111) plane. The polycrystalline diffraction rings indicate the formation of monoclinic HfO,
as that of XRD. The presence of Au (white dots in STEM image and red in EDX image)
along with Hf and O are also confirmed using STEM-EDX mapping shown in figure 4.9(e-h).
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The surface morphology of the blocking layer using AFM for the as-deposited and
annealed samples at different temperatures is presented in figure 4.10. The as-deposited
sample images show rms roughness of around 0.6 nm indicating that the films are smooth,
uniform and high-quality without any deformation.

300nm

Mapdata: Ry " 2 BN
SE MAG: 80.0kx HV: 200kV . i SE MAG: 80000 x HV: 200.0 kV_WD: -1.0 mm PX:Thm

Figure 4.9 a) TEM images of Au in HfO, and SAED pattern of b) HfO, & c) Au d) typical
HR image of Au nanocrystals (e-f) EDX mapping images and h) STEM image of Au.
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The AFM images of the as-deposited and annealed films (blocking layer) indicate that
the surface roughness increases as the films undergo transition from amorphous to crystalline.
This could be due to the temperature assisted growth mechanism exhibited by the films. As
the temperature is increased (650°C), the atoms attain activation energy and favours atomic
mobility on the film surface resulting in re-orientation. The re-orientation of atoms on the
surface due to the aggregation of small grains leading to the growth of larger grains might
have resulted in an increase in roughness [10]. Further increase in temperature (850°C)
results in the decrease in roughness. This could be attributed to the increase in atomic
mobility, at high temperature, resulting in the easy attainment of equilibrium position by the

fast-moving atoms [9].
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Figure 4.10 Surface morphology of HfO, blocking layer a) as-deposited b) annealed at 650°C
¢) annealed at 750°C and d) annealed at 850°C.
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Figures 4.11-4.13 present the XPS spectra obtained from various layers of the
nonvolatile memory structure. The peaks of all layers are calibrated from C 1s peak at 284.8
eV. The presence of C 1s peak arose due to the adsorbed environmental carbon. The core
elemental spectra corresponding to 4f peaks of Hf along with their spin-orbit splitting values
were analyzed for the blocking layer (fig 4.11). XPS spectra of the pristine as well as the
annealed samples indicate the peaks at 16-19 eV with a spin-orbit splitting values (1.7 eV)
that confirms the formation of Hf-O bonding in HfO, [161]. In addition, the spectra indicate
significant shift in binding energy of HfO, in comparison of samples with and without
annealing. The pristine samples reveal the presence of a sub-peak between 15-16 eV due to
the formation of sub-oxide peak of hafnium [162,163]. An increase in the sub-oxide
percentage with thermal annealing is evident from the deconvoluted spectra. Furthermore, the
increase in temperature (850°C) results in the out-diffusion of oxygen, which results in an
additional peak around 13 eV that corresponds to Hf-Hf peak [45].
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Figure 4.11 Core elemental XPS spectra of Hf blocking layer of NVM structure a) as-
deposited b) annealed at 750°C and c) annealed at 850°C.

59



The XPS spectra obtained for the Au layer is presented in figure 4.12. The obtained

results of Au 4f peaks are at 84 and 87.7 eV with difference in binding energy 3.7 eV. Other

than the expected feature peak, emergence of two other peaks such as metallic gold (83 and
86 eV) [164,165] and gold oxide (85 and 89 eV) is observed [166]. The samples annealed at
750°C indicate a slight shift in the peak towards higher binding energies at 84.3 and 88 eV

due to the formation of Au nanocrystals [167]. On the other hand, the peak at 83 eV

completely disappears at 850°C indicating an increase in nanocrystals.
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Figure 4.12 Core elemental XPS spectra of Au charge trapping layer of NVM structure a) as-
deposited and annealed at b) 750°C and c) 850°C.

Figure 4.13 shows the core elemental spectra of the tunneling layer of the NVM

structures. The hafnia 4f peak positions in the spectra indicate the possible formation of

HfO,. The spin-orbital splitting of 4fs;, and 4f;,, is 1.7 eV. The as-deposited films show not
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only the existence of HfO, but also silicides, sub-oxides and silicates [162,163,168-171].
High temperature annealing at 750°C shows the reduction of sub-oxides concentration and
shift of silicates to higher binding energy reveals the formation of stronger hafnium silicates
bonds. When the temperature is further increased to 850°C, the deconvoluted images suggest
possible occurrence of hafnium silicide doublets and it is evident from the spectra that
stronger hafnium silicates have been formed due to the shoulder peak around 22 eV. Higher

binding energy shift of silicates indicates the formation of passivated traps. This passivated

trap may result in improved leakage property of the device [172].
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Figure 4.13 Core elemental XPS spectra of HfO, tunneling layer of NVM structure a) as-
deposited and annealed at b) 750°C and c) 850°C.

The RBS spectrum of sample annealed at 850°C presented in figure 4.14 shows the

presence of Hf, O and Au. The diffusion of the HfO, layers has been observed after thermal
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annealing in the spectrum. The possibility of inter-diffusion and silicate formation is also
confirmed through XPS spectra. The total thickness of the trilayer structure is estimated and

found to be ~37 nm (considering the bulk densities).

60004 —=— experimental
—e— simulated
—»—Si

—_—— Au

—— Hf

40004 ——QO

5000 «

— S )

Counts

3000«

2000 =

1000 =

N I S {

v
500 750 1000 1250 1500 1750 2000

Channel

Figure 4.14 Rutherford backscattering spectra of NVM structure annealed at 850°C.

To understand the electrical behaviour of the structure, I-V measurements have been
carried out and the characteristics are shown in figure 4.15. The low leakage value of the as-
deposited structure indicates the excellent insulating behaviour of HfO, layer. The I-V
characteristics show that at 750°C annealing the leakage properties of the trilayer structure
decrease as compared to the pristine ones. The increase in leakage current is due to the
crystallization [103,135,137] and grain growth of the HfO, thin films with annealing as
indicated by XRD and AFM. Moreover, the interface states and defects might have also
increased the leakage current density at high temperature annealing (here 750°C) [23].
Further annealing at 850°C results in decrease in the leakage current as compared to 750°C.
This could be due to the significant role played by the increased Au nanocrystals formation as
suggested by the XPS spectra. Either the injection and storage of carriers into the Au
nanocrystals is prevented by the coulomb blockade effect or it could be due to the external
electric field compensating the internal electric field in the nanocrystals by the charge stored
[173].
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Figure 4.15 Leakage current versus applied voltage for as-deposited and annealed NVM

structure

The high frequency (1MHz) C-V curve after bidirectional sweeps for different
voltages for sample annealed at 850°C is shown in figure 4.16. The C-V curve implies the
hole as well as electron trapping effects in the trilayer structure for nonvolatile memory
application. When the negative bias voltage is applied, the hole tunneling happens through
the tunneling layers from the substrate whereas with the forward bias voltage electron
tunneling occurs. This, in turn, creates a deep inversion and accumulation regions. The
similar clockwise and anticlockwise hysteresis characteristics with large memory window
indicate the charge storage behaviour arising due to the Au NCs [23,24]. The C-V curve of
the reference sample (HfO; only) without Au NCs exhibit negligible hysteresis as compared
to the sample with Au NCs annealed at 850°C. Thus, hysteresis loop confirms the significant

role of Au NCs in charge storage behaviour of the trilayer structure.
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Figure 4.16 The capacitance-voltage curve of a) trilayer capacitor with Au nanocrystals and
b) reference sample (HfO, only) without Au nanocrystals annealed at 850°C.

4.2.4 Summary

In summary, Au nanocrystals based hafnium oxide stack layer was fabricated for
nonvolatile memory application. TEM image indicates the formation of Au nanocrystals. The
deconvoluted spectra of XPS shows the formation of hafnium oxide with sub-oxides, silicides
and silicate. XPS of Au layer suggests the formation of Au nanocrystals. RBS was used to
estimate the thickness of annealed trilayer structure. The |-V measurements indicate that
annealing results in a variation of the leakage properties. C-V hysteresis curve confirms the
significant role of Au nanocrystals in charge storage characteristics and it shows the charge
accumulation as well as inversion properties. This study demonstrates the structural,
morphological and electrical properties of HfO,/Au/HfO, stack layer and the role of Au

nanocrystals in the charge storage behaviour of nonvolatile memory device structures.
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Chapter 5

Electrical and compositional
properties of SIO,/AU/SIO, trilayer

structure
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5.1 Introduction

During recent years, the semiconductor storage device technology has witnessed the
boom in big data, cloud computing and electronic gadgets [44]. The increased demand for
nonvolatile memory with high density, low power consumption, high speed communication
and better reliability have led the silicon industry to rescale the dimensions of the gate
dielectric oxide [25]. The scaling down of oxide layers has increased the leakage current
leading to the degradation of device performance. Predominant gate dielectric material (SiO,)
has been gradually replaced by alternative dielectric materials with high dielectric constant,
large bandgap, low interface state density and good thermal stability for better device
performance [26,59]. One of the alternate approaches other than scaling SiO, is to use
floating nodes [174,175]. The two main methods in this approach are nitride floating gates
and NC storage nodes. In nanocrystal floating gate approach, the conventional floating gate is
replaced by NCs. The utilization of NCs in floating gate reduces the charge loss, increases
write-erase speed and lowers operating voltage [176]. The NCs memory can be further
classified as metal and semiconductor NCs. Among them, the metal NCs are more
advantageous than semiconductor NCs in nonvolatile memory devices due to high density of
states, better three-dimensional electric field enhancement and high work-function
engineering. The metal nanoparticles play a significant role in charge storage capability and
characteristic reproducibility for nonvolatile devices [177]. The high density of states

provided by the metal NCs help in enhanced charge storage.

Researchers have used various methods to fabricate NVM device. Chan et. al.
fabricated Au NC based floating gate memory structure with HfAIO as tunneling and
blocking layers using pulsed laser deposition. For the growth of Au NCs, the device was
annealed at various temperatures and obtained a memory window up to 10V with a voltage
sweep £12V [43]. Similarly, the memory capacitor behaviour of Au NCs in HfO, tunneling
and blocking layers was reported. The oxide layers were deposited using Atomic layer
deposition (ALD) and very large hysteresis window of 9.25V for a sweep of £7V was
observed [24]. Moreover, for SiO; tunneling and HfO, blocking layer deposited using ALD
with Au NCs exhibited a window of 12.6V at +12V [178]. The promising potential
application of Au NCs in low programming/ erasing voltage with a memory window of 1V at

+2V was reported. The device structure was fabricated using a combination of various
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methods such as RTA, sputtering and e-beam evaporation [45]. The charge localization
effects of Au nonvolatile structure with thermal annealing were investigated by F. Xang et.
al. The device structure was fabricated by ALD for oxide deposition and e-beam for Au
deposition [48]. The method of deposition and the annealing temperature play a crucial role
on various properties of device structure. Therefore, it is very important to understand the
effect of annealing temperature on the trilayer structure from basic and applied point of view.
Here, in this experiment RF magnetron sputtering was used for the deposition of oxide layers
and electron beam evaporation for the deposition of Au charge trapping layer. However, no
systematic reports are available on the fabrication of SiO,/Au/SiO, trilayer structure using RF
magnetron sputtering and electron beam evaporation and the effects of annealing
temperature. Therefore, an extensive investigation is utmost required to correlate the

performance with fabrication methods and annealing temperature.

The present study aims at the fabrication of Au charge trapping layer sandwiched
between SiO, tunneling and blocking layers and to understand the effect of annealing
temperature on various characteristics of trilayer structure. For this purpose, the
SiO,/AuU/SiO, trilayer was deposited on Si substrate and further annealed at various

temperatures for the formation of NCs.

5.2 Experimental details

In the present work, nonvolatile memory trilayer structure with Au charge trapping
layer was fabricated on p-type silicon (100) substrate with resistivity of 1-10 Qcm. The Si
wafers were cleaned using RCA | and Il process to remove organic and inorganic residues
from the surface. To remove the native oxide, the substrates were treated with dilute
hydrofluoric solution. The base vacuum of 6x10°® mbar was achieved using a rotary assisted
turbo pump prior to the deposition. After pre-sputtering of target for 10 min, tunneling layer
of 10 nm of SiO, was deposited using RF magnetron sputtering. For the deposition of
trapping layer, an Au layer of 3 nm was deposited using electron beam evaporation. Finally, a
thick layer of SiO, with a thickness of 20 nm was also deposited using RF magnetron
sputtering for the fabrication of the trilayer structure. The schematic illustration of
SiO,/AU/SIO; trilayer structure is shown in figure 5.1. To form Au NCs, the thermal

annealing of the structure was carried out in N, environment at various temperatures (650,750
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and 850°C) for an hour with a ramp rate of 10°C/min. For measuring the electrical properties
of the trilayer structure, top Al electrodes with a diameter ~1 mm and thickness 250 nm were
deposited using electron beam evaporation. To understand the formation of NCs, SiO,
tunneling layer with thickness of 10 nm was deposited using RF magnetron sputtering on Ni
TEM grid. Subsequently, a thin layer of 3 nm Au was deposited using electron beam
evaporation on SiO; layer and was annealed at 850°C for an hour in N, environment. These

samples were characterized using TEM to confirm the formation of Au NCs.
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Figure 5.1 Schematic illustration of SiO,/Au/SiO, NVM structure.

5.3 Results and discussion

TEM images of Au/SiO;, annealed at 850°C are shown in figure 5.2. Figure 5.2a
presents TEM micrographs of Au NCs in SiO,. The density of Au NCs is around
1.1x10"/cm?. The selected area electron diffraction pattern (SAED) of Au is presented in
figure 5.2b. The HRTEM image (shown in figure 5.2c) confirms the formation of Au NCs.
Moreover, in figure 5.3, the STEM image also confirms the presence of Au particle either as
white dots or as red dots in EDX mapping along with Si and oxygen.
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Figure 5.2 a) TEM images of Au in SiO, b) Au SAED pattern ¢c) HRTEM image of

Au nanocrystal in SiO, annealed at 850°C.
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Figure 5.3 STEM — EDX mapping image of Au, Siand O

The surface morphology of the blocking layer was studied using AFM. Figure 5.4 shows
the AFM images of as-deposited and annealed samples at different temperatures in the scan
range of 1x1um? The root mean square roughness (Rqms) of the as-deposited and annealed
samples at 650°C, 750°C and 850°C are estimated to be 1.08, 0.92, 0.99 and 0.93 nm,
respectively. The absence of visible pores, cracks and voids in as-deposited blocking layer
indicates tightly packed atomic arrangement. This shows that the films are well-deposited
[179] and RF magnetron sputtering is good to be employed for oxides depositions. The peak
to valley roughness for the as-deposited and annealed samples are 8.5, 5.4, 7.0 and 6.9 nm,

respectively. It is reported that when the peak to valley roughness increases the leakage
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current also increases [180]. The peak to valley roughness of the samples annealed at 650°C
is decreased as compared to pristine ones. Further increase in the annealing temperature
results in the increase in the peak to valley roughness as compared to samples annealed at
650°C. This could be due to the rearrangement of atoms on the surface by attaining sufficient

thermal energy.

a) As-deposited b) 650°C

2.9 nm

d) 850°C
C) 750°C 3.9 nm

3.7 nm

0.2

Figure 5.4 Surface morphology of blocking layer before and after annealing.

RBS measurements were done to understand the presence of elements and to estimate
thickness of trilayer structure. The RBS spectrum of the nonvolatile structure annealed at
850°C is presented in figure 5.5. The spectrum clearly shows the presence of O, Si and Au.
The thickness of the trilayer structure is determined by fitting the experimentally obtained
spectrum (black) with simulated spectrum (red). The spectrum reveals the inter-diffusion,
which is also evident from XPS spectra as shown in figure 5.9-5.11. The total thickness of the

trilayer structure is estimated and found to be ~38 nm by considering the bulk densities.
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Figure 5.5 Rutherford backscattering spectrum of SiO,/Au/SiO, structure annealed at 850°C.

The XRD pattern of trilayer structure is shown in figure 5.6. Amorphous nature of SiO; is
evident from the XRD pattern.

annealed at 850°C
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Figure 5.6: XRD pattern of trilayer structure
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Figure 5.7 shows the I-V relation of NVM structure under different annealing
temperatures. The reverse and forward current was measured by scanning the voltage from
-6 to +6V. A variation in leakage current with annealing is visible from the I-V measurement.
The leakage current values for as-deposited and annealed samples at 1V are compared. The
annealed samples show significant decrease in leakage current as compared to the pristine
ones. The decrease in leakage current with high temperature annealing may be due to Au
nanocrystal formation [23]. This reduction might have resulted either from the carriers
injected into the NCs or by the blocking of external electric field by the internal electric field
of the charge stored in the Au NCs. The as-deposited and annealed structures show a
variation in current minima values from OV. This shift in leakage current value from 0V is
due to the charge storage [23,181,182]. The variation in the current minima values may be
attributed to the formation of NCs with annealing. It is also reported that the NCs play a

crucial role in nonvolatile memory behaviour [155].
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Figure 5.7 Leakage current - voltage characteristics of trilayer structure before and after

annealing
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The charge storage characteristics of nonvolatile memory structure with Au NCs annealed
at 850°C analysed by typical high frequency (LMHz) C-V measurement at room temperature
are presented in figure 5.8. The gate voltage is swept from negative to positive region and
vice versa in the range of 7V. Hence, the capacitor structure is swept across accumulation and
inversion regions. This counter-clockwise hysteresis curve indicates the injection of the
charges from the substrate into the NCs and vice versa. The deviation from ideal condition is
observed in the hysteresis curve as the centre comes around -3V rather than 0V. The main
reasons for the deviation are the difference in work function between the metal electrode and
the silicon and the immobile charges existing in the oxide layers [46]. The presence of
accumulation and inversion regions in the hysteresis curve could be explained with respect to
the voltage applied. When a positive voltage is applied, electrons will be ejected into the Au
NCs from the Si substrate (electron charging). On the other hand, when negative voltage is
applied, holes will be injected into the NCs (hole charging). Here, in the present experiment,
the memory window obtained is around 2V The hysteresis curve confirms the significant role

of Au NCs in the charge storage behaviour of the capacitor structure.
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Figure 5.8 C-V hysteresis of NVM structure with Au nanocrystals in SiO, tunneling

and blocking layers
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Further understanding of the elemental composition of the NVM structures was obtained
using XPS (figures 5.9-5.11). The peaks of all layers are calibrated from C 1s peak at 284.8
eV. The blocking layer of the as-deposited sample indicates the binding energy of Si 2p is at
103.5 eV. This shows the formation of SiO, [183]. Meanwhile, in addition to the major 4f
peak, the Au spectra indicate two more sub-peaks. The 4f peak of gold is around 84 eV and
87.7 eV with a difference in binding energy around 3.7 eV, whereas the sub-peaks around 83
and 87 eV represent the presence of metallic/bulk Au particle [184-186]. The shoulder peak
at higher binding energy is related to the oxidation of Au [166]. On the other hand, the Au
spectra of the samples annealed at 750°C show slight shift towards higher binding energy
around 84.3 eV indicating the formation of Au nanocrystals [167]. This could be attributed to
the shift in fermi level with respect to the shrinkage of the particles. The disappearance of
metallic peak in the spectra compliments the nanocrystals formation. No variation for Si 2p
peak of blocking layer has been noticed but the tunneling layer shows an additional peak of
SiO at 101.8 eV. Almost similar features in blocking, trapping and tunneling layer are
observed for the films annealed at 850°C with a small shift towards lower binding energy due

to annealing.

a) Blocking layer II)) Au
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Intensity (a.u.)
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Figure 5.9 XPS spectra of as-deposited blocking, trapping and tunneling layers.
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Figure 5.10 XPS spectra of blocking, trapping and tunneling layers annealed at 750°C.
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Figure 5.11 XPS spectra of blocking, trapping and tunneling layers annealed at 850°C.
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5.4 Summary

In summary, this work demonstrates the effect of annealing temperature on
SiO,/AuU/SiO; trilayer structure. The nonvolatile memory device structure was fabricated
using RF magnetron sputtering and electron beam evaporation on Si substrates. TEM images
indicate Au nanocrystal formation with annealing. The total thickness of the trilayer structure
is estimated with RBS. XPS spectra of annealed samples confirm the formation of Au
nanocrystals. The I-V measurements show a decrease in leakage current with Au nanocrystal
formation. The memory window of 2V shows the charge storage capability of Au
nanocrystals. Thus, this work confirms the role of Au nanocrystals in charge storage
behaviour at high temperature annealing and the effect of annealing temperature on structural

and electrical properties of trilayer structure.
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Chapter 6

Fabrication and characterization of
Al,O5/Au/Al,O5 for nonvolatile

memory application
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6.1 Introduction

In recent years, metal NCs embedded in oxide layers have been widely studied for
nonvolatile memory applications [45]. Nanocrystal based memory devices show better charge
storage characteristics and allows scaling down of tunneling oxide as compared to
conventional nonvolatile memory devices. Further improvement of memory performance can
be obtained through the integration of metal NCs with high dielectric oxide materials. The
use of high dielectric oxide as replacement of SiO, dielectric oxide material increases device
performance [15]. In the previous chapters, systematic study on the effects of annealing on
Au NCs in HfO, and SiO, based tunneling and blocking layers have been investigated. The
aim of this study is to fabricate and characterize Al,O3/Au/Al,O3 trilayer structure for
nonvolatile memory application and to understand the effect of annealing temperature on
various properties of the trilayer structure.

6.2 Experimental details

In the present study, the trilayer structure was fabricated onto a p-type Si substrate
using RF magnetron sputtering and electron beam evaporation techniques. Prior to the
deposition, the substrates were cleaned using standard RCA methods and immersed in HF
solution for the removal of native oxides. A thin tunneling layer (10 nm) of Al,O; was
deposited onto the Si substrates. During the deposition, the base and the working pressures
were 6x10° and 3x10° mbar, respectively. High purity Ar and oxygen gases were introduced
into the chamber. Flow rate of Ar and Oxygen were kept constant throughout the deposition
at 7 and 14 sccm, respectively. The RF power and source-substrate distance were kept at
100W and 5cm. For trapping layer, Au layer of 3 nm was deposited using electron beam
evaporation. Finally, Al,O3 with a thickness of 20 nm was also deposited using RF
magnetron sputtering for the fabrication of the trilayer structure. The schematic illustration of
the trilayer structure with Al,O3 acting as tunneling and blocking layers with Au NCs is
shown in figure 6.1. To form Au NCs, the thermal annealing of the structure was carried out
in N2 environment at 650,750 and 850°C for an hour with a ramp rate of 10°C/min. The top
electrodes of Al with diameter around 1 mm and thickness 250 nm were deposited using
electron beam evaporation. For TEM analysis, Al,O3 tunneling layer with thickness of 10 nm
was deposited using RF magnetron sputtering on Ni TEM grid. Subsequently, a thin layer of
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3 nm Au was deposited using electron beam evaporation on Al,O3 layer and was annealed at
850°C for an hour in N, environment. These samples were characterized using TEM to

confirm the formation of NCs.

Figure 6.1 Schematic illustration of Au nanocrystals sandwiched between Al,O3

tunneling and blocking layers

6.3 Results and discussion:

Figure 6.2 a) TEM images of Au in Al,O3 b) SAED pattern of Au and ¢) HR image of
Au nanocrystals
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Figure 6.2a shows the TEM micrograph of Au NCs in Al,Os. The density of Au NCs
is around 2.68x10*/cm? The selected area electron diffraction (SAED) pattern of Au is

presented in fig. 6.2b. The HR-TEM image in fig. 6.2c confirms the formation of Au NCs.

Counts

500 750 1000 1250 1500 1750 2000

Channel
Figure 6.3 Rutherford backscattering spectrum of Al,Os/Au/Al,O3
annealed at 850°C

Figure 6.3 shows the RBS spectrum of trilayer structure annealed at 850°C. The
thickness of the trilayer structure estimated by RBS spectra is around 37 nm. The peaks of
various elements corresponding to O, Al and Au are detected in the RBS measurement.

The X-ray diffraction pattern of the as-deposited and annealed structures is shown in
figure 6.4. The amorphous nature of as-deposited and annealed Al,O3 films is reported [187—

190] and is evident from diffraction pattern.
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Figure 6.4 XRD pattern of as-deposited and annealed NVM structure

To understand the leakage characteristics of trilayer structure current-voltage
measurements were carried out and it is presented in the figure 6.5. The forward and reverse
characteristics of the structure before and after annealing were carried out in the range from
-6 to +6V and the measurement was performed at room temperature. The leakage current
values for as-deposited and annealed samples at 0.5 V are compared. The graphs show a
variation in leakage current with annealing. As compared to the as-deposited samples the
annealed ones show decrease in leakage current. The formation of Au NCs at high
temperature could have resulted in the decrease in the leakage current. This reduction might
have resulted either from the carriers injected into the NCs or by the blocking of external
electric field by the internal electric field of the charge stored in the Au NCs. Similar
behaviour of reduction in leakage current with annealing for nonvolatile structures due to Au
NCs formation for nonvolatile structures with HfO, and SiO; tunneling and blocking layers
were also reported [191,192]. The current minima values of the pristine and annealed
structures show a variation from 0 V that can be attributed to the charge storage [192]. The
formation of NCs plays a crucial role in nonvolatile memory behaviour and the different
current minima values obtained in the present study is attributed to the formation of NCs with

annealing.
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Figure 6.5 Leakage current—voltage characteristics of Al,Os/Au/Al,O3 structure

before and after annealing

The charge storage characteristics of Al,O3/Au/Al,O3 structure annealed at 850°C
analysed by high frequency C—V measurement at room temperature are presented in figure
6.6. The gate voltage was swept over 7 V. The obtained C-V curve indicates the injection of
the charges from the NCs to the substrates and vice versa. It is observed that the centre of the
hysteresis curve comes around -1 V rather than 0 V, which is a deviation from the ideal
conditions. This could be due to the difference in work function between the metal electrode
and the silicon and the immobile charges existing in the oxide layers. The obtained hysteresis
curve with accumulation and inversion regions shows the charge storage behaviour of Au
NCs and could be explained with respect to the voltage applied [191,192]. Electrons from the
substrates are ejected into the Au NCs during positive voltage and holes will be injected into
the NCs with negative voltage. This injection of electrons or hole leads to a voltage shift
(memory window). Here, in the present experiment, the memory window obtained is around
3.9 V. In comparison with the other two trilayer structures (i.e., HfO,/Au/HfO, and
SiO,/AU/SIO,), this trilayer structure shows better memory window. The hysteresis loop
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confirms the significant role of Au NCs in the charge storage behaviour of the trilayer

structure.
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Figure 6.6 C—-V hysteresis of NVM structure with Au nanocrystals annealed at 850°C

To understand the elemental composition and electronic state of various layers of the
nonvolatile memory structure, XPS was used and the spectra of NVM structures before and
after annealing are presented in figures 6.7-6.9. The peaks of all layers are calibrated from C
1s peak at 284.8 eV.

The XPS spectra of the as-deposited nonvolatile memory structure is shown in figure
6.7. The as-deposited blocking layer shows strong Al peak characteristic of Al,O3. The
figure indicates that a single peak is used to fit the Al 2p peak suggesting Al is present in the
film as Al,O3 without any suboxides. The formation of Al,O3; was confirmed by Al 2p peak
around 74 eV and it is in good agreement with previous reported values [189,193]. In figure
6.7b, the results of Au suggest that Au 4f peaks are at 84 and 87.7 eV with difference in
binding energy 3.7 eV. The shoulder peak appeared at higher binding energy is related to the
oxidation of Au [166].

On the other hand, the XPS spectra of annealed trilayer structure at 750°C are shown
in figure 6.8. The small shift of Al 2p peak towards higher binding energy with annealing is
observed. The formation of Al rich Al,O3 could be ruled out as there are no peaks around
72.7 eV and only a single fit is used to fit Al 2p peak. It is also mentioned in literature about

the formation of Al,Oj3 at higher binding energy around 75 eV [194]. Au spectra of the
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Figure 6.7 XPS spectra of blocking, trapping and tunneling layers of as-deposited
Al,O3/Au/AlL O3 trilayer structure
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Figure 6.8 XPS spectra of blocking, trapping and tunneling layers of Al,O3/Au/Al,O3

trilayer structure annealed at 750°C
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samples annealed at 750°C show slight shift towards higher binding energy around 84.3 eV

confirms the formation of Au nanocrystals [167,191,192]. Almost similar behaviour in

blocking, trapping and tunneling layer is observed for samples annealed at 850°C (shown in

figure 6.9) with a minor shift in binding energy.
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Figure 6.9 XPS spectra of blocking, trapping and tunneling layers of Al,O3/Au/Al;O3

trilayer structure annealed at 850°C
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6.4 Summary

Nonvolatile memory structure with Au nanocrystals embedded in Al,O3 tunneling and
blocking layers has been fabricated on silicon substrate. The effects of annealing on electrical
and compositional properties of Al,Os/Au/Al,Os trilayer structure were investigated. TEM
images show the formation of Au nanocrystals. The thickness of the trilayer structure is
estimated using RBS. I-V curve shows a variation in leakage characteristics with annealing.
C-V confirms the significant role played by Au nanocrystals in charge storage behaviour.
XPS results of tunneling and blocking oxide layers show Al,O3; formation and it also

confirms the formation of Au nanocrystals with annealing.
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Chapter 7

Conclusions and

Future work plan
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7.1 Conclusions of thesis work

The present thesis investigates the effects of annealing temperature on Au NCs in
various dielectric oxides for nonvolatile memory applications. The overall conclusions of the

present study are summarized as follows:

The trilayer structures such as HfO,/Au/HfO,, SiO,/Au/SiO, and Al,Os/Au/Al,O3
were fabricated using RF magnetron sputtering and electron beam evaporation on Si
substrates and were annealed at various temperatures. TEM images indicate Au nanocrystal
formation with annealing. The total thickness of the trilayer structures is estimated using
RBS. XPS spectra of annealed trilayer structures confirm the formation of Au NCs. The I-V
measurements show a decrease in leakage current with Au nanocrystal formation. The
memory window shows the charge storage capability of Au NCs. Thus, this work confirms
the role of Au NCs in charge storage behaviour at high temperature annealing.

The advantages and limitations of Au NCs with various blocking and tunneling layers
for nonvolatile memory application have been investigated and reported in detail. Among
various Au NCs based nonvolatile memory structures, Al,Os/Au/Al,O3 trilayer structure
shows promising memory effects. The reasons for the increase in memory window in
Al,O3/Au/AlL O3 trilayer structures are due to amorphous nature of Al,O3 (as crystalline
nature leads to leakage path formation as in HfO,), the absence of interfacial layer formation,
high dielectric constant (as compared to SiO,) and the density of Au NCs.

7.2 Scope of future work
There are many possibilities and queries arising from the present work, therefore, we
would like to extend the work by considering the following points in future:
e Systematic investigation of electrical characteristics of these structures is required.
e Detailed study is needed to correlate the shift in binding energy of XPS spectra with
nanocrystal size
e |t is proposed to understand various charging/discharging mechanisms across various
layers of the trilayer structures and it is required to understand the effects of oxide
layers on the growth of Au NCs with annealing temperature.
e It is also very important to study the charge storage characteristics of Au NCs with

different combinations of tunneling and blocking oxides.
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Abstract

In this work, the effects of annealing temperature on the compositional, morphological and electrical properties of SiO,/
Au/SiO, trilayer structure are investigated. SiO, and Au layers were deposited using RF magnetron sputtering and e-beam
evaporation techniques, respectively. Transmission electron microscopic images reveal the formation of Au nanocrystals.
Atomic force micrographs show the variation in surface roughness with annealing temperature. Rutherford backscattering
spectroscopy was employed to estimate the thickness of the trilayer structure. X-ray photoelectron spectroscopy results
indicate the formation of Au nanocrystal and SiO, tunneling and blocking layers. The hysteresis curve indicates the role of
Au nanocrystals in charge storage characteristics of the device structure.

1 Introduction

During recent years, the semiconductor storage device tech-
nology has witnessed the boom in big data, cloud computing
and electronic gadgets [1]. The increased demand for non-
volatile memory with high density, low power consumption,
high speed communication and better reliability have led
the silicon industry to rescale the dimensions of the gate
dielectric oxide [2]. The scaling down of oxide layers has
increased the leakage current leading to the degradation of
device performance. Predominant gate dielectric material
(Si0,) has been gradually replaced by alternative dielectric
materials with high dielectric constant, large bandgap, low
interface state density and good thermal stability for better
device performance [3, 4]. One of the alternate approaches
other than scaling SiO, is to use floating nodes [5, 6]. The
two main methods in this approach are Nitride floating gates
and nanocrystal (NC) storage nodes. In nanocrystal float-
ing gate approach, the conventional floating gate is replaced
by nanocrystals. The utilization of nanocrystals in floating
gate reduces the charge loss, increases write-erase speed
and lowers operating voltage [7]. The nanocrystals memory
can be further classified as metal, semiconductor and high
dielectric nanocrystals. Among them, the metal nanocrystals

P4 Srinivasa Rao Nelamarri
srnelamarri.phy @mnit.ac.in

Department of Physics, Malaviya National Institute
of Technology Jaipur, J L N Marg, Jaipur 302017, India

Published online: 19 July 2018

are more advantageous than semiconductor nanocrystal in
nonvolatile memory devices due to high density of states,
better three-dimensional electric field enhancement and high
work-function engineering. The metal nanoparticles play a
significant role in charge storage capability and character-
istic reproducibility for nonvolatile devices [8]. The high
density of states provided by the metal nanocrystals helps
in enhanced charge storage.

Researchers have used various methods to fabricate non-
volatile memory (NVM) device. Chan et al. fabricated Au
NC based floating gate memory structure with HfAIO as
tunneling and blocking layers using pulsed laser deposition.
For the growth of Au NCs, the device was annealed at vari-
ous temperatures and obtained a memory window up to 10 V
with a voltage sweep =12 V [9]. Similarly, the memory
capacitor behaviour of Au NCs in HfO, tunneling and block-
ing layers was reported. The oxide layers were deposited
using Atomic layer deposition (ALD) and very large hyster-
esis window of 9.25 V for a sweep of +7 V was observed
[10]. Moreover, for SiO, tunneling and HfO, blocking layer
deposited using ALD with Au NCs exhibited a window of
12.6 V at + 12 V [11]. The promising potential application of
Au NCs in low programming/erasing voltage with a memory
window of 1 V at +2 V was reported. The device structure
was fabricated using a combination of various deposition
methods such as RTA, sputtering and e-beam evaporation
[12]. The charge localization effects of Au nonvolatile struc-
ture with thermal annealing was investigated by F. Xang
et al. The device structure was fabricated by ALD for oxide
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deposition and e-beam for Au deposition [13]. The method
of deposition and the annealing temperature play a crucial
role on various properties of device structure. Therefore, it is
very important to understand the effect of annealing temper-
ature on the trilayer structure from basic and applied point of
view. Here, in this experiment RF magnetron sputtering was
used for the deposition of oxide layers and electron beam
evaporation for the deposition of Au charge trapping layer.
However, no systematic reports are available on the fabrica-
tion of SiO,/Au/SiO, trilayer structure using RF magnetron
sputtering and electron beam evaporation and the effects of
annealing temperature. Therefore, an extensive investigation
is utmost required to correlate the device performance with
fabrication methods and effects of annealing temperature.

The present study aims at the fabrication of Au charge
trapping layer sandwiched between SiO, tunneling and
blocking layers and to understand the effect of annealing
temperature on various characteristics of trilayer structure.
For this purpose, the SiO,/Au/SiO, trilayer was deposited
on Si substrate and further annealed at various temperatures
for the formation of nanocrystals.

2 Experimental procedure

In the present experiment, nonvolatile memory device
structure with Au charge trapping layer was fabricated
on p-type silicon (100) substrate with resistivity of
1-10 Qcm. The Si wafers were cleaned using RCA I and
II process to remove organic and inorganic residues from
the surface. To remove the native oxide, the substrates
were treated with dilute hydrofluoric solution. The base
vacuum of 6 x 107® mbar was achieved using a rotary
assisted turbo pump prior to the deposition. After pre-
sputtering the target for 10 min, tunneling layer of 10 nm
of SiO, was deposited using RF magnetron sputtering.
For the deposition of trapping layer, an Au layer of 3 nm

Fig. 1 Schematic illustration of SiO,/Au/SiO, NVM structure

@ Springer

Annealing

was deposited using electron beam evaporation. Finally,
a thick layer of SiO, with a thickness of 20 nm was also
deposited using RF magnetron sputtering for the fabrica-
tion of the trilayer structure. The schematic illustration of
Si0,/Au/Si0, trilayer structure is shown in Fig. 1. To form
Au nanocrystals, the thermal annealing of the structure
was carried out in N, environment at various tempera-
tures (650, 750 and 850 °C) for an hour with a ramp rate
of 10 °C/min.

To understand the formation of nanocrystals, SiO, tun-
neling layer with thickness of 10 nm was deposited using
RF magnetron sputtering on Ni TEM grid. Subsequently,
a thin layer of 3 nm Au was deposited using electron beam
evaporation on SiO, layer and was annealed at 850 °C for
an hour in N, environment. These samples were charac-
terized using transmission electron microscopy (TEM) to
confirm the formation of nanocrystals. The topographical
features of the blocking layer have been obtained by the
atomic force microscopy (Bruker) at room temperature.
Rutherford backscattering spectroscopy (RBS) measure-
ments were carried out using 2 MeV He ion beam from
1.7 MV Pelletron Accelerator at Inter-University Accelera-
tion Centre (IUAC), New Delhi, to identify the presence
of various elements and to estimate the thickness of the
trilayer structure. The obtained spectrum is fitted using
Rutherford Universal Simulation Program (RUMP) simu-
lation [14]. For measuring the electrical properties of the
device structure, top Al electrode with a diameter ~ 1 mm
and thickness 250 nm was deposited using electron beam
evaporation. For the ohmic contact formation, Al with a
thickness of 250 nm was deposited on the back of the p-Si
substrate using electron beam evaporation. The electri-
cal measurements were carried out using Agilent Device
Analyzer B1500A at room temperature. The elemental
composition of the trilayer structures has been analysed
by the X-ray photoelectron spectroscopy (XPS) with Al
Ko (hv =1486.6 eV) source.

Au
Nanocrystals
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3 Results and discussion

TEM images of Au/SiO, annealed at 850 °C are shown
in Fig. 2. Figure 2a presents TEM micrographs of Au
nanocrystals in SiO,. The density of Au nanocrystals is
around 1.1 x 10'//cm?. The selected area electron diffrac-
tion pattern (SAED) of Au is presented in Fig. 2b. The
HRTEM image (shown in Fig. 2c) confirms the formation
of Au nanocrystals.

The surface morphology of the blocking layer was
studied using AFM. Figure 3 shows the AFM images of
as-deposited and annealed samples at different tempera-
tures in the scan range of 1 X 1 um. The root mean square
roughness (R,,,,) of the as-deposited and annealed samples
at 650, 750 and 850 °C are estimated to be 1.08, 0.92, 0.99
and 0.93 nm, respectively. The absence of visible pores,
cracks and voids in as-deposited blocking layer indicates
tightly packed atomic arrangement. This shows that the
films are well-deposited [15] and RF magnetron sputter-
ing is good to be employed for oxides depositions. The
peak to valley roughness for the as-deposited and annealed

Fig.2 a TEM micrograph of Au
in SiO,, b Au SAED pattern, ¢
HRTEM image of Au in SiO,
annealed at 850 °C
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samples are 8.5, 5.4, 7.0 and 6.9 nm, respectively. It is
reported that when the peak to valley roughness increases
the leakage current also increases [16]. The peak to valley
roughness of the samples annealed at 650 °C is decreased
as compared to pristine ones. Further increase in the
annealing temperature results in the increase in the peak
to valley roughness as compared to samples annealed at
650 °C. This could be due to the rearrangement of atoms
on the surface by attaining sufficient thermal energy.

RBS measurements were done to understand the pres-
ence of elements and to estimate the thickness of trilayer
structure. The RBS spectrum of the nonvolatile structure
annealed at 850 °C is presented in Fig. 4. The spectrum
clearly shows the presence of O, Si and Au. The thickness
of the trilayer structure is determined by fitting the experi-
mentally obtained spectrum (black) with simulated spectrum
(red). The spectrum reveals the inter-diffusion, which is also
evident from XPS spectra as shown in Figs. 7, 8 and 9. The
total thickness of the trilayer structure is estimated and found
to be ~38 nm by considering the bulk densities.

Figure 5 shows the current-voltage relation of NVM
structure under different annealing temperatures. The reverse
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(a) As-deposited

4,3 nm

(c) 750°C
3.7 nm

(b) 650°C
2.9 nm

(d) 850°C
3.9 nm

Fig.3 The surface morphologies of blocking layer before and after annealing

—o— Experimental
—o— Simulated

Counts
=]
o
o
2

600 =

400

200

T T : ™~
500 750 1000 1250 1500 1750
Channel

Fig.4 Rutherford backscattering spectrum of SiO,/Au/SiO, structure
annealed at 850 °C
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and forward current were measured by scanning the volt-
age from —6 to + 6 V. A variation in leakage current with
annealing is visible from the I-V measurement. The leak-
age current values for as-deposited and annealed samples
at 1 V are compared. The annealed samples show signifi-
cant decrease in leakage current as compared to the pristine
ones. The decrease in leakage current with high temperature
annealing may be due to Au nanocrystal formation [17].
This reduction might have resulted either from the car-
riers injected into the nanocrystals or by the blocking of
external electric field by the internal electric field of the
charge stored in the Au nanocrystals. The as-deposited and
annealed structures show a variation in current minima val-
ues from O V. This shift in leakage current value from 0 V
is due to the charge storage [17-19]. The variation in the
current minima values may be attributed to the formation
of nanocrystals with annealing. It is also reported that the
formation of nanocrystals plays a crucial role in nonvolatile
memory behaviour [20].
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(a) As-depoisted SiO, NVM (b) annealed at 650°C
1E-7 4 1E-74
< 1Esde, < e8]
& ..‘v 000000q004 E ..."n.
- (11} (1] °
= ......co..o = .... o0t
8 1E-94 “‘.‘o o® * 8 1E-91 ...". .uou"'...
3 N 8 -
£ 1E-101 S 1E-101
g i
1E-11+ 1E-114
T T T T T T L) L) L) L) L) v
6 5 4 3 2 ! 0 1 -6 5 -4 3 2 -1 0 1
Voltage (V) Voltage (V)
(¢) annealed at 750°C (d) annealed at 850°C
1E-7 4 1E-7 -
LLT T 2
a °
< qes "%, = 1E-84
E .C... g
[ L -
= .o.. =
3 o, Od
o 1899 ..o .............. g 188 ooo.o--.o.-.o.o.'o"“""
% . .... g .,.‘...cooo
£ 1E104 o e T1E-10+ \)X
3 -
1E-114 § 1E-114
L] L) L] L] L) L) v A v v L) L)
-6 -5 -4 -3 -2 -1 0 1 -6 -5 -4 -3 -2 -1 0 1
Voltage (V) Voltage (V)

Fig.5 Leakage current—voltage characteristics of trilayer structure before and after annealing
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Fig.6 C-V hysteresis of NVM structure with Au nanocrystals in

SiO, tunneling and blocking layers

The charge storage characteristics of nonvolatile structure
with Au nanocrystals at 850 °C analysed by typical high fre-
quency (1 MHz) capacitance—voltage (C—V) measurement at
room temperature are presented in Fig. 6. The gate voltage is
swept from negative to positive region and vice versa in the
range of 7 V. Hence, the capacitor structure is swept across
accumulation and inversion regions. This counter-clock-
wise hysteresis curve indicates the injection of the charges
from the substrate into the nanocrystals and vice versa. The
deviation from ideal condition is observed in the hysteresis
curve as the centre comes around —3 V rather than 0 V. The
main reasons for the deviation are the difference in work
function between the metal electrode and the silicon and
the immobile charges existing in the oxide layers [21]. The
presence of accumulation and inversion regions in the hys-
teresis curve could be explained with respect to the voltage
applied. When a positive voltage is applied, electrons will be
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Fig.7 XPS spectra of as-deposited blocking, trapping and tunneling layer

ejected into the Au nanocrystals from the Si substrate (elec-
tron charging). On the other hand, when negative voltage is
applied, holes will be injected into the nanocrystals (hole
charging). Here, in the present experiment, the memory win-
dow obtained is around 2 V with a net charge trapped to be
estimated as 1.59 x 10'%/cm?. The hysteresis curve confirms
the significant role of Au nanocrystals in the charge storage
behaviour of the capacitor structure.

Further understanding of the elemental composition of
the NVM structures was obtained using XPS (Figs. 7, 8,
9). The peaks of all layers are calibrated from C 1 s peak
at 284.8 eV. The blocking layer of the as-deposited sample
indicates the binding energy of Si 2p is at 103.5 eV. This
shows the formation of SiO, [22]. Meanwhile, in addition
to the major 4f peak, the Au spectra indicates two more

@ Springer

sub-peaks. The 4f peak of gold is around 84 and 87.7 eV
with a difference in binding energy around 3.7 eV, whereas
the sub-peaks around 83 and 87 eV represent the presence
of metallic/bulk Au particle [23-25]. The shoulder peak at
higher binding energy is related to the oxidation of Au [26].
On the other hand, the Au spectra of the samples annealed
at 750 °C show slight shift towards higher binding energy
around 84.3 eV indicating the formation of Au nanocrystals
[27]. This could be attributed to the shift in fermi level with
respect to the shrinkage of the particles. The disappearance
of metallic peak in the spectra compliments the nanocrystals
formation. No variation for Si 2p peak of blocking layer has
been noticed but the tunneling layer shows an additional
peak of SiO at 101.8 eV. Almost similar features in block-
ing, trapping and tunneling layer are observed for the films



Investigation of electrical and compositional properties of SiO,/Au/SiO, for nonvolatile...

Page7of9 548

(a) Blocking layer
oy
=
<
N’
>
~N
‘2
=
)
~—
=
e
v v v v v
106 105 104 103 102 101
Binding Energy (eV)

Intensity (a.u.)

(b) Au \

92 90 88 86 84
Binding Energy (eV)

Intensity (a.u.)

107 106 105 104 103 102 101 100 99

(¢) Tunneling layer
2

Binding Energy (eV)

Fig.8 XPS spectra of blocking, trapping and tunneling layer annealed at 750 °C

annealed at 850 °C with a small shift towards lower binding
energy due to annealing.

4 Conclusions

In conclusion, this work demonstrates the effect of anneal-
ing temperature on SiO,/Au/SiO, trilayer structure. The
nonvolatile memory device structure was fabricated using
RF magnetron sputtering and electron beam evaporation

on Si substrates. TEM images indicate Au nanocrystal for-
mation with annealing. The total thickness of the trilayer
structure is estimated with RBS. XPS spectra of annealed
samples confirm the formation of Au nanocrystals. The
I-V measurements show a decrease in leakage current
with Au nanocrystal formation. The memory window of
2 V shows the charge storage capability of Au nanocrys-
tals. Thus, this work confirms the role of Au nanocrystals
in charge storage behaviour at high temperature annealing.

@ Springer



548 Page 8 of 9 A.Vinod et al.
(a) Blocking layer (b) Au

=
~ =
= I3
) &
> z
= ‘@
7] =
= =

w/'

L) v L) L] L) 1]
107 106 105 104 103 102 101 100 92 9'1
Binding Energy (eV)

Binding Energy (eV)

(¢) Tunneling layer

Intensity (a.u.)

104

T
103

T T
102 101 100 99

Binding Energy (eV)

Fig.9 XPS spectra of blocking, trapping and tunneling layer annealed at 850 °C
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blocking layers serving as nonvolatile memory structure. The structure, composition and
electrical properties of the device are drastically affected by annealing temperature. The
inter-diffusion and stoichiometric changes of various layers are investigated using X-ray
Photoelectron Spectroscopy and Rutherford Backscattering Spectroscopy. Electrical mea-
surements show an improvement in leakage characteristics with annealing. The C-V
hysteresis loop with and without Au nanocrystals are compared to understand charge
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High-k dielectric storage behavior of the device structures. The occurrence of well-defined hysteresis loop
Annealing with Au nanocrystals indicates significant role of Au nanocrystals in charge storage char-
XPS acteristics of the device.
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1. Introduction

Recently, non-volatile memory (NVM) has attracted considerable attention due to the huge demand for faster, reliable and
high capacity devices. An increase in data retention performance is achieved, especially in the programming efficiency of the
device, by the introduction of high dielectric material rather than SiO, [1]. The occurrence of smaller conduction band as well
as valance band offsets has enabled the performance of high-k materials in lower operating voltages. Out of various high-k
materials, HfO, is known to form better interface with Si and has better bandgap and dielectric value [2]. Recently, floating
gate memory devices have attracted wide interest for nonvolatile structures due to their retention time and low operating
voltages. The improvement in memory performance can be achieved through the integration of semiconductor or metal
nanocrystals (NCs) with high-k dielectric materials [3,4].

Particularly, metal nanoparticles have been reported to possess large density of states and are preferred over its semi-
conductor counterparts due to their ability to enhance the electric field and provide better work-function engineering [5].
Among various metals, gold has gained considerable attention as it is non-toxic, easy to synthesize, has high density of states,
large work function (5.1eV), which creates deep potential well that enhance carrier confinement [6]. Au nanocrystals as
charge storage nodes in various oxide matrices with better performance and retention time were reported [7—10]. The
performance of nonvolatile memory device depends on two main factors such as high density and uniformity of
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nanoparticles. The former helps in better charge storage capability, while the latter is essential for the device characteristics
reproducibility [11].

Various techniques are employed for the synthesis of Au nanoparticles including electron-cyclotron-resonance plasma
sputtering method, atom beam co-sputtering, chemical method, electron beam evaporation, etc. [12—15]. The nanocrystal
memory properties are influenced by the size, shape and configuration of the nanocrystals [16]. Moreover, nanocrystals
separation play an important role in the charge loss rate of the storage and retention behaviour of the device. If the nano-
crystals are adjacent, it may act as a discharging path and degrade the charge storage and retention properties of the
nonvolatile memory [5]. Thus, synthesis of Au nanocrystals with uniformity and assembling them into a well-ordered matrix
is most challenging. The use of insulating layer (HfO;) helps in attaining the necessary separation between adjacent nano-
crystals by preventing agglomeration [17,18].

There are various physical and chemical methods employed for the fabrication of non-volatile memory devices. The
advantages of oxide deposition using RF magnetron sputtering include less wastage of the material, high adhesion of films
and excellent uniformity with good packing density [19]. For the deposition of metal charge trap layer, electron beam
evaporation method has merits in the deposition of material with high purity as there is a direct transfer of energy to the
source via electron beams, simplicity, large area deposition and better control of deposition rate [20].

The main objective of the present investigation is to fabricate trilayer structure HfO,/Au/HfO; and to understand the effect
of annealing temperature on device characteristics of Au nanocrystals. For this purpose, the trilayer structure of HfO,/Au/HfO,
was deposited on Si substrate and further annealed at various temperatures for the formation of nanocrystals. However, to the
best of our knowledge, the combined use of RF sputtering and e-beam evaporation for the fabrication of HfO,/Au/HfO, trilayer
structure has not been reported. Fig. 1 shows the schematic diagram of the formation of the nonvolatile memory structure.

2. Experimental details

The non-volatile memory device structure was fabricated on p-type silicon substrates of 1—10 Qcm resistivity. Prior to the
deposition, the substrates were thoroughly cleaned by standard Radio Corporation of America (RCA) I and II process [21] and
HF was used for the removal of native oxide layer. The tunneling and blocking oxide layers of HfO, were deposited by RF
magnetron sputtering method with target-substrate distance (5cm), base pressure (6 x 10~® mbar, working pressure
(3 x 107> mbar), Ar flow rate (20sccm) and RF power (100 W). The target was pre-sputtered for 10 min to remove surface
contamination and native oxides prior to the deposition. The substrate holder was rotated at low rpm (2) to obtain uniform
thickness of the films [22] and the thickness of tunneling oxide was around 10 nm and blocking oxide was 20 nm as measured

Fig. 1. Schematic illustration of the formation of NVM structure.
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by a digital thickness monitor (DTM). The Au layer of 5nm was deposited using electron beam evaporation. The basics
structure of NVM device with HfO, tunneling and blocking layer is schematically illustrated in the Fig. 1. After the deposition,
annealing of the samples was carried out for 60 min in nitrogen environment at 650 °C, 750 °C and 850 °C with a ramp rate of
10 °C/min.

The structure of the films was evaluated using X-ray diffractometer with CuK, radiation (1.5406 A). The surface
morphology of the films was studied using a Bruker atomic force microscopy in ScanAsyst mode and the root mean square
roughness (Ry) is determined using NanoScope Analysis software. High Resolution Transmission Electron Microscopy (Make:
FEI Tecnai-T20) was used to confirm the formation Au nanocrystals. The Au (charge trap layer of 5 nm)/HfO; (tunneling layer
of 10 nm) films were deposited on carbon coated Ni TEM grids and subsequently were annealed at 850 °C to study the for-
mation and size distribution of Au nanocrystals. The chemical states and composition of the structures were examined using
X-ray photoelectron spectroscopy (XPS) with a monochromatic Al K, (hv = 1486.6eV) X-ray radiation using an Omicron
ESCA + X-ray Photo Spectrometer from Oxford Instrument Germany. The electrical characterizations such as I-V and C-V were
performed using Agilent B1500A Semiconductor Device Analyzer. Rutherford Backscattering Spectroscopy (RBS) measure-
ments were performed with 2 MeV He™ ions at Inter- University Acceleration Centre (IUAC), New Delhi using 1.7 MV Tandem
accelerator facility. Analysis of RBS data has been done using Rutherford Universal Simulation Program (RUMP) to estimate
the composition and thickness of each layer [23].

3. Results and discussion

X-ray diffraction spectra of pristine and annealed HfO,/Au/HfO, nonvolatile memory structures are shown in Fig. 2. There
is no peak observed in spectra of as-deposited sample, which indicates that as-grown films were amorphous. After annealing
at a temperature greater than 650 °C, HfO, films exhibit a monoclinic crystalline phase with the presence of predominate
(111),(111) and (200) planes. It is evident from the spectra that the orientation is predominant in the (111) rather than (111)
plane. The growth of the thin film in a preferred orientation is dominated by the minimization of total free energy. This could
be explained by the migration of atoms towards the plane with lower surface energy [24]. The basic crystal growth mech-
anism indicates that the growth of a crystal face is favoured by the crystal orientation. At preferred growth conditions, a
growth competition may rise among differently oriented crystals. This may give rise to fast and slow growth rates of various
preferred orientations. This competition will lead to an orientation selection and texture growth [25,26].
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Fig. 2. XRD spectra of NVM structure before and after annealing.
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The Au/HfO, films deposited on carbon coated Ni TEM grids were annealed at 850 °C and the particle size distribution, the
TEM micrographs and elemental image mapping through STEM-EDX are shown in Fig. 3. The size distribution particle his-
togram for Au nanocrystals indicates that the particles are spherical in nature and are nearly uniform in size. The average core
diameter of the crystals calculated by Gaussian fitting and found to be 14 + 0.5 nm. The average areal density of the Au nano-
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Fig. 3. a) The histogram of Au nanoparticles b) TEM graphics of Au nanoparticles in HfO, and SAED pattern of ¢) HfO, & d) Au e) typical HR image of Au
nanoparticles with EDX mapping images (f—j).
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Fig. 5. The core elemental XPS spectra of Hf blocking layer of NVM structure a) as-deposited b) annealed at 750 °C and c) annealed at 850 °C.
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Fig. 6. The core elemental XPS spectra of Au charge trapping layer of NVM structure a) as-deposited and annealed at b) 750 °C and c) 850 °C.
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particles has also been estimated by TEM image and found to be 1x10'" /cm? The HR-TEM image of Au points to the
nanocrystal formation with a lattice spacing ~2.36 A which corresponds to (111) plane. The polycrystalline diffraction rings
indicate the formation of monoclinic HfO, as that of XRD. The presence of Au nanoparticles (white dots in STEM image and red
in EDX image) along with Hf and O are also confirmed using STEM-EDX mapping shown in Fig. 3(f—j).

The surface morphology of the blocking layer using AFM for the as-deposited and annealed samples at different tem-
peratures is presented in Fig. 4. The as-deposited sample images show rms roughness of around 0.6 nm indicating that the
films are smooth, uniform and high-quality without any deformation, which makes them apt for the possible electronic and
optoelectronic applications [27,28].

The AFM images of the as-deposited and annealed films (blocking layer) indicate that the surface roughness increases as
the films undergo transition from amorphous to crystalline. This could be due to the temperature assisted growth mechanism
exhibited by the films. As the temperature is increased (650 °C), the atoms attain activation energy and favours atomic
mobility on the film surface resulting in re-orientation. The re-orientation of atoms on the surface due to the aggregation of
small crystallites leading to the growth of larger grains might have resulted in an increase in roughness and grain density [29].
Further increase in temperature (850 °C) results in the decrease in roughness. This could be attributed to the increase in
atomic mobility, at high temperature, resulting in the easy attainment of equilibrium position by the fast-moving atoms [30].

Figs. 5—7 present the XPS spectra obtained from various layers of the nonvolatile memory structure. The peaks of all layers
are calibrated from C 1s peak at 284.8eV. The presence of C 1s peak arose due to the adsorbed environmental carbon. The core
elemental spectra corresponding to 4f peaks of Hf along with their spin-orbit splitting values were analyzed for the blocking
layer (Fig. 5). XPS spectra of the pristine as well as the annealed samples indicate the peaks at 16—19 eV with a spin-orbit
splitting values (1.7eV) that confirms the formation of Hf-O bonding in HfO, [31]. In addition, the spectra indicate signifi-
cant shift in binding energy of HfO; in comparison of samples with and without annealing. The pristine samples reveal the
presence of a sub-peak between 15 and 16 eV due to the formation of sub-oxide peak of hafnium [32,33]. An increase in the
sub-oxide percentage with thermal annealing is evident from the deconvoluted spectra. Furthermore, the increase in tem-
perature (850 °C) results in the out-diffusion of oxygen, which results in an additional peak around 13eV that corresponds to
Hf-Hf peak [34].

The XPS spectra obtained for the Au layer is presented in Fig. 6. The obtained results of Au 4f peaks are at 84 and 87.7eV
with difference in binding energy 3.7eV. Other than the expected feature peak, emergence of two other peaks such as metallic
gold (83 and 86eV) [35,36] and gold oxide (85 and 89eV) is observed [37]. The samples annealed at 750 °C indicate a slight
shift in the peak towards higher binding energies at 84.3 and 88eV due to the formation of Au nanocrystals [11]. On the other
hand, the peak at 83eV completely disappears at 850 °C indicating an increase in nanoparticles.
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Fig. 8. Rutherford backscattering spectra of NVM structure annealed at 850 °C.
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Fig. 7 shows the core elemental spectra of the tunneling layer of the NVM structures. The Hf 4f peak positions in the spectra
indicate the possible formation of HfO,. The spin-orbital splitting of 4fs; and 4f7); is 1.7 + 0.1 eV. The as-deposited films show
not only the existence of HfO, but also silicides, sub-oxides and silicates [32,33,38—41]. High temperature annealing at 750 °C
shows the reduction of sub-oxides concentration and shift of silicates to higher binding energy reveals the formation of
stronger hafnium silicates bonds. When the temperature is further increased to 850 °C, the deconvoluted images suggest
possible occurrence of hafnium silicide doublets and it is evident from the spectra that stronger hafnium silicate have been
formed due to the shoulder peak around 22eV. Higher binding energy shift of silicates indicates the formation of passivated
traps. This passivated trap may result in improved leakage property of the device [42].

The RBS spectrum of sample annealed at 850 °C presented in Fig. 8 clearly shows the presence of Hf, O and Au. The
thickness and atomic concentration of the elements have been estimated. The diffusion of the HfO, layers has been observed
after thermal annealing in the spectrum. The possibility of inter-diffusion and silicate formation of tunneling layer is also
evident from the spectrum and is calculated using RUMP. The total thickness of the trilayer structure is estimated and found to
be ~37 nm (considering the bulk densities).

To understand the electrical behaviour of the device, current density-voltage (J-V) measurements have been carried out
and the characteristics are shown in Fig. 9. The low leakage value of the as-deposited structure indicates the excellent
insulating behaviour of HfO layer. The J-V characteristics show that at 750 °C annealing the leakage properties of the device
decrease as compared to the pristine ones. The increase in leakage current is due to the crystallization and grain growth of the
HfO, thin films with annealing as indicated by XRD and AFM [43,44]. Moreover, the interface states and defects might have
also increased the leakage current density at high temperature annealing (here 750 °C) [45,46]. Further annealing at 850 °C
results in decrease in the leakage current as compared to 750 °C. This could be due to the significant role played by the
increased Au nanocrystal formation as suggested by the XPS spectra. Either the injection and storage of carriers into the Au
nanocrystals is prevented by the Coulomb blockade effect or it could be due to the external electric field compensating the
internal electric field in the nanocrystals by the charge stored [47].

The high frequency (1 MHz) Capacitance —Voltage curve after bidirectional sweeps for different voltages for sample
annealed at 850 °C is shown in Fig. 10. The C-V curve implies the hole trapping as well as electron trapping effects in the
nonvolatile memory device. When the negative bias voltage is applied, the hole tunneling happens through the tunneling
layers from the substrate whereas with the forward bias voltage electron tunneling occurs. This, in turn, creates deep
inversion and accumulation regions. The similar clockwise and anticlockwise hysteresis characteristics with large memory
window indicate the charge storage behaviour arising due to the Au nanocrystals [47,48]. The C-V curve of the reference
sample (HfO, only) without Au nanocrystals exhibit negligible hysteresis as compared to the sample with Au nanocrystals
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Fig. 10. The capacitance-voltage curve of a) trilayer capacitor with Au nanocrystals and b) reference sample (HfO, only) without Au nanocrystals annealed at
850°C.
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annealed at 850 °C. Thus, hysteresis loop confirms the significant role of Au nanocrystals in charge storage behaviour of the
device structure with charge trapped density estimated as 2.6x10'%/cm?.

4. Conclusions

In summary, Au nanocrystal based hafnium oxide stack layer for nonvolatile memory device was fabricated. The XRD
results show preferred orientation growth of the hafnium oxide films. TEM image indicates the formation of Au nanocrystals
with average areal density of 1x10"!jcm?. The deconvoluted spectra of XPS indicate the formation of hafnium oxide with sub-
oxides, silicides and silicate. XPS of Au layer suggests the formation of Au nanocrystals. The thickness of trilayer structure has
been estimated using RBS. The I-V measurements indicate that annealing results in a variation of the leakage properties. C-V
curve confirms the significant role of Au nanocrystals in charge storage characteristics and it shows the charge accumulation
as well as inversion properties. The results of XPS, I-V and C-V indicate that device characteristic performance is improved at
higher annealing temperature. This study demonstrates the structural, morphological and electrical properties of HfO,/Au/
HfO, stack layer and the role of Au nanocrystals in the charge storage behavior of nonvolatile memory device structures.
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In this paper, the effects of annealing temperature on HfO, thin films prepared by RF sputtering have been
investigated. Thin films of hafnium oxide were deposited using sputtering onto p-type Si substrates and the
pristine films were annealed at different temperatures in air atmosphere to obtain crystallinity. The Raman and
XRD results of the as-deposited films show amorphous nature, whereas the annealed films at 600 °C results in
crystallization. AFM was used to study the surface morphology of the films and to estimate the skewness, kurtosis
and the roughness values. The core level orbitals of Hf 4f spectra of as-deposited films not only reveal the

formation of hafnium rich hafnium oxide but also nearly stoichiometric composition of HfO, and exhibit a shift
in binding energy with annealing. Electrical measurements of the films suggest that the leakage current is in-
creased for crystalline films as compared to the as-deposited ones. The effects of annealing temperature on
quality and stoichiometry of hafnia thin films and their possible applications are reported.

1. Introduction

In recent years, the demand for low cost, faster and reliable elec-
tronic devices with high efficiency has attracted considerable attention.
For decades, the silicon industry relied on SiO, gate dielectric until the
scaling down of the dielectric has reached both technological and
theoretical limits [1,2]. Further shrinkage of SiO, gate dielectric
thickness restrained due to permittivity and electron tunneling effect
[3]. Due to the aforementioned difficulties, an alternative replacement
for SiO, gate material has gained great interest. Among various di-
electric materials such as Al,Os, ZrO,, La,0Os, SrO, Y,03 and HfO,,
hafnium oxide has received significant focus due to its thermo-
dynamical stability, reasonable energy gap, excellent electrical prop-
erties and high dielectric constant [4]. Moreover, the unique combi-
nation of structural, optical and electrical properties of HfO, films is
used for various electronics and optoelectronics applications.

In optoelectronic applications, hafnium oxide thin films are very
useful for anti-reflection coating in optical waveguide devices to reduce
the Fresnel loss [5]. HfO, thin films are also being used as protective
coating for electrical applications due to the hydrophobic effectiveness
for outdoor insulators [6]. Moreover, in the electrical application, the
presence of large conduction band offset in HfO, helps to attain lower
operational voltage and makes it suitable for low leakage current ap-
plication. The electrical properties such as capacitance and leakage
current density of HfO, thin films drastically change with annealing
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[7]. For industrial application, low temperature annealing is required in
the production process and HfO, thin films undergo phase transition
from amorphous to crystalline even at low temperatures [8]. The for-
mation of grain boundary due to crystallization, increases the leakage
current and degrades the device performance [9]. Thus, the growth of
high purity, quality and stoichiometry thin films and modulation of
their properties under various conditions are of great interest for solid-
state devices and communication. This attracts huge demand for the
growth and optimization of high-quality HfO, thin films.

There are various physical and chemical methods employed to grow
HfO, thin films such as electron beam evaporation, reactive dc sput-
tering, RF magnetron sputtering, metal-organic molecular beam epitaxy
and atomic layer deposition [10-15]. RF magnetron sputtering has
various advantages like less wastage of the material, high adhesion of
films and excellent uniformity with good packing density as compared
to other methods. Recently, Das et al. had reported the utmost im-
portance of high-quality HfO, thin films and its incorporation into a low
dimensional semiconductor technology [16]. Nam et al. and He et al.
reports the formation of stoichiometric HfO, thin films at high tem-
perature annealing [17,18]. The variation in electrical and structural
properties of HfO, based MOS capacitance with low surface roughness
was studied by Khairnar and Mahajan [10]. This study shows that there
is an utmost need to correlate stoichiometry, surface roughness and
crystallinity for better electrical application. Our work aims at the
systematic and detailed study of the growth and optimization of RF
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magnetron sputtered HfO, thin films and the correlation of the effects
of annealing temperature (200,400 and 600 °C) in air atmosphere on
the stoichiometry, surface roughness and crystallinity of HfO, thin films
for various applications from a basic and applied scientific perspective.

2. Experimental details

Hafnium oxide thin films were deposited by RF magnetron sput-
tering method onto a p-type silicon (100) substrates with resistivity of
1-10 Qcm. The substrates were thoroughly cleaned by standard Radio
Corporation of America (RCA) I and II process before deposition. For
sputtering, HfO, target purchased from ACI Alloys, USA of purity
99.999% (5 N) was used. The target was placed in a 2-inch holder, at a
distance 10 cm from the substrates. Initially, the chamber was evac-
uated to a high vacuum pressure of 6 X 10~ ®mbar using a rotary as-
sisted turbo pump. The working pressure was maintained at
3 x 10" 3mbar by introducing high purity Ar gas (99.99%) into the
chamber using mass flow controller. The Ar flow rate and RF power
were kept constant (20 sccm and 100 W) during deposition. Prior to
deposition, the target was pre-sputtered for 10 min to remove surface
contamination, if any, present. The substrate holder was rotated at low
rpm to get uniform films, and the thickness of the film was around
25nm as measured by a digital thickness monitor (DTM). After the
deposition, annealing of the samples was carried out using a muffle
furnace in air at different temperatures viz. 200 °C, 400 °C and 600 °C
for 30 min with a ramp rate of 10 °C/min.

Raman spectra of the films were obtained using confocal micro-
Raman spectrometer, which incorporates a solid-state laser of 532 nm.
The crystal structure and the orientation of the films have been in-
vestigated using PANalytical X'pert Powder X-ray diffractometer with
Cu K, radiation (1.5406 A). The surface morphology of the films was
studied using Bruker atomic force microscopy and the roughness,
skewness and kurtosis values were estimated using NanoScope Analysis
software. The chemical states and composition of films were examined
using X-ray photoelectron spectroscopy (XPS) with a monochromatic Al
K, (hv = 1486.6eV) X-ray radiation under a base pressure of
6 x 107 '° mbar using an Omicron Nanotechnology (ESCA+) from
Oxford Instruments. For electrical measurements, Al contacts with
diameter ~1 mm and thickness around 250 nm were deposited using
electron beam evaporation. The electrical measurements were carried
out using B1500A Semiconductor Device Analyzer with frequency
1 MHz at room temperature.

3. Results and discussion

The Raman spectra of HfO, thin films in the range of 120-600 cm ™!
are depicted in Fig. 1. The broad peak around 150 cm ™! for the films
annealed at 200 °C indicates the amorphous nature of the hafnia films.
The peaks around 302 and 520 cm ™! correspond to acoustic and optical
phonon modes the Si substrates [19,20]. For samples annealed at
600 °C, the origin of a new peak at 147 cm ™' is observed, which is
attributed to the A; mode in HfO, monoclinic structure. It is evident
from the spectra that crystallinity increases with an increase in an-
nealing temperature and there is a phase transformation from amor-
phous to crystalline structure at high temperature. Theoretical analysis
predicts that for monoclinic structures, there are 36 phonon modes
present, out of which 18 (9A; + 9B,) are Raman active modes, 15 are
IR active modes and other three are zero-frequency translation modes
[21]. In addition, the modes of HfO, have been studied by Zhou et al.
[22] using density functional perturbation theory. The results obtained
are in good agreement with the reported phonon modes of monoclinic
structures [21-25]. The bands occurred at 130-300 cm ™! are mainly
due to Hf-Hf vibrations [25].

XRD patterns of the pristine and annealed films are shown in Fig. 2.
The XRD spectra of the as-deposited and films annealed upto 400 °C
reveal amorphous nature. A phase transition from amorphous to
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Fig. 2. X-ray diffraction pattern of as-deposited and annealed HfO, thin films.

crystalline observed for films annealed at 600 °C. The phase transition
could be due to the attainment of required activation energy in the form
of temperature for rearrangement of atoms leading to crystallization of
films [26]. The films annealed at 600 °C exhibit monoclinic phase of
HfO, with polycrystalline nature as evident from (111), (111), (002),
(200) and (102) planes [27]. The crystallite size is calculated using
Scherrer formula [28] and it is found to be around 17 nm.

The surface morphology of the as-deposited and annealed films is
presented in Fig. 3. AFM images show rms roughness of pristine and
annealed films up to 400 °C is around 0.20 nm. The images indicate that
films are smooth, uniform and high-quality without any cracks, which
make them suitable for the possible optoelectronic application. Further,
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Fig. 3. The surface morphology of as-deposited and annealed HfO, thin films.

it is observed that the surface roughness increased for the films an-
nealed at 600 °C. The increase in roughness could be due to the ag-
glomeration of smaller grains to form bigger grains.

To understand more about the surface symmetry distribution and
spike of statistical distribution, two parameters such as skewness and
kurtosis of the thin films were studied. The skewness and kurtosis refer
to the third and fourth moments of roughness distribution function and
both parameters are dimensionless quantities.

The value of skewness S is obtained by the relation [29,30]:

N

1 3
K
q°" j=1

S =
@
where Z; is height distribution and R, is the root mean square rough-
ness, Ry is calculated using

L& 1/2
Ry = [— >z - Z|2]
N3 (2)

where N represents the number of surface height data, and Z represents
the mean height distance.
The value of kurtosis K is obtained by the relation [29,30]:

1 N

4

R;N Z Zj
J

o1

K=

3

For a Gaussian distribution, the local maxima at a certain height
under and over the mean line will be equal to the local minima, the
kurtosis and skewness values are 3 and 0. A negative skewness re-
presents that the film surface is with enormous local maxima whereas
the positive skewness indicate the film surface with larger number of
local minima above the mean as compared to the Gaussian (skew-
ness = 0). When compared to Gaussian distribution (kurtosis = 3), the
surface with a high kurtosis has enormous local minima above the mean
but for a surface with high number of local maxima has low kurtosis
[30,31]. The roughness, kurtosis and skewness value of the films are
given in Table 1. The negative value of skewness signifies topological
surfaces with a plateau-like structure and positive value implies

Table 1
The roughness, kurtosis and skewness values of the pristine and annealed HfO,
thin films.

Sl. No Sample Roughness (nm) Kurtosis Skewness
1 As deposited 0.21 14.5 -0.92

2 Annealed at 200 °C 0.20 8.50 0.20

3 Annealed at 400 °C 0.19 3.01 0.07

4 Annealed at 600 °C 0.52 3.99 -0.22

surfaces without plateau. The high kurtosis value and positive skewness
value surfaces result in a lower static coefficient of friction. A negative
skewness value results in a deviation in Gaussian distribution. The
above results indicate that the films may find potential applications in
tribology [32-35].

XPS spectra of HfO, thin films annealed at different temperatures
recorded in the spectral range of 0-1100 eV are shown in Fig. 4. All the
spectra were calibrated by adjusting C 1s peak at 284.8 eV. The iden-
tification of chemical composition of the thin films was capacitated by
the peak positions in XPS spectra. It is evident from the graph that no
other trace element except hafnium, oxygen and carbon are present.
The core elemental spectra corresponding to 4f peaks of Hf along with
their spin-orbit splitting values were analyzed (shown in Fig. 5). The
feature peaks in the range of 16-19 eV stipulate the formation of Hf-O
bonding in HfO, [36]. The spin-orbit splitting values (1.7 eV) match
well with the previous reports. The binding energy of Hf 4f,,, and Hf
4fs 5 related to the Hf-O bond in HfO, shifted to higher binding energies
with annealing. The shift in binding energy suggests the existence of the
electric field, charge transfer effect, environmental charge density or
hybridization [37].

The O/Hf relative concentration of the as-deposited thin films re-
veals almost stoichiometry (1.96:1). The deconvolution of Hf 4f peak at
16.2eV and 17.9 eV indicate the formation of 4f ,,, and 4f 5,5 corre-
sponding to Hf 4f in hafnium oxide as-deposited films. The spectrum
also suggests a small visible sub-peak towards the lower binding energy.
This may be due to the presence of Hf-Hf bond and suggests oxygen
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Fig. 4. The survey XPS spectra of as-deposited and annealed HfO, thin films.

vacancies or defects in HfO, thin films [38,39]. For annealed films, the
shoulder peak shifts toward the higher binding energy values. This may
be attributed to the formation of hafnium sub-oxide resulted from the
interaction of the hafnium metal with the oxygen [40,41]. The result
also suggests formation of hafnium-rich hafnium oxide and various
interactions leading to sub-oxides formation. The bond formation of
hafnium oxide, sub-oxides and their change could have resulted an
increase in potential experienced by the core electron that leads to a
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Fig. 6. I-V characteristics of as-deposited and annealed HfO, thin film.

binding energy shift [42].

Current-Voltage characteristics of as-deposited and annealed films
at 600 °C are shown in Fig. 6. The annealed films show more leakage
current than compared to the as-deposited films. The crystallization of
the films with annealing causes increase in leakage current due to
leakage paths [43-45]. The asymmetric nature of I-V curve in the ac-
cumulation and inversion bias is observed in the Fig. 6. This indicates
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Fig. 5. The core elemental XPS spectra of Hf 4f regions of as-deposited and annealed HfO, thin films.
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that the leakage current under the substrate injection is lower than that
under the gate injection at the same absolute voltage value [46,47].

Therefore, the growth process of the thin films may not only occur
during the deposition but also with the later stages of post deposition
annealing. The effect of annealing caused phase transition from amor-
phous to monoclinic structure. The crystalline films can increase the
leakage current whereas an amorphous film restricts current leakage
[48]. The AFM images reveal that the amorphous films are uniform
than crystalline films. Thus, the amorphous thin film finds promising
electronic application due to less current leakage rather than crystalline
films [49,50].

4. Conclusions

In summary, HfO, thin films have been grown by RF magnetron
sputtering on Si substrates. The effects of annealing temperature on
structural, morphological, compositional and electrical properties were
systematically investigated. The Raman analysis reveals the occurrence
of phase transformation at high temperature. X-ray diffraction pattern
confirms the formation of monoclinic structure. AFM images show that
the amorphous films are of high-quality, which are smooth and crack
free. Variation in kurtosis and skewness values reflect the potential
tribological applications of the films. XPS spectra suggest shift in
binding energy with annealing temperatures. Electrical measurements
suggest the increase in leakage current with crystallization. The
amorphous films exhibit better morphological, compositional and
electrical properties than annealed crystalline films and these films are
useful for electronic applications. It could be concluded that the an-
nealing temperature strongly influence the structural, compositional
and electrical properties of the films.
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