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Abstract 

Swift heavy ion (SHI) irradiation induced grain fragmentation, grain growth and phase 

transitions in Hafnium Oxide (HfO2) thin films have been studied in detail. Further, nano-

particles of Silicon (Si) and Silver (Ag) embedded in HfO2 thin-films were fabricated by 

employing SHI irradiation and colloidal HfO2 nano-particles were prepared in water using 

ultra-fast laser ablation. HfO2 films used in this study were deposited by Radio Frequency (RF) 

magnetron sputtering and electron beam (e-beam) evaporation techniques. Initially, the RF 

sputtering system was optimized to fabricate good quality and reproducible HfO2 thin-films. 

The influence of growth parameters (like RF power and Ar-pressure) and thermal annealing on 

the phase and stoichiometry of films was studied in detail.  

It is shown that the effects of SHI irradiation critically depend on the initial state of the material. 

Amorphous HfO2 Nanoparticles (NPs) were transformed into monoclinic crystallites when 

subjected to 100 MeV Ag ion irradiation. Whereas, the tetragonal phase was introduced into 

nanocrystalline films of HfO2 under the same irradiation conditions. Irradiation-induced 

changes in the size and shape of grains are also found to be sensitive to their initial state. The 

surface of the polycrystalline films is smoothened due to grain fragmentation mediated by SHI 

induced relaxation of strains within the films. Photoluminescence studies suggest annealing 

and reconfiguration of defects during SHI irradiation. This defect rearrangement phenomenon 

is likely to facilitate the observed surface modifications and phase transitions in HfO2. Thermal 

spike calculations have been performed for a deeper understanding of ion-induced 

modifications in these materials.  The track diameters and damage cross-section extracted from 

x-ray diffraction patterns of thicker films agree with thermal spike model. Nanoparticle (Si, 

Ag) embedded HfO2 thin films were fabricated by subjecting HfSiOx nano-composite thin-

films and “HfO2/Ag” multi-layers deposited by RF magnetron sputtering to SHI irradiation. 

SHI induced crystallization and grain growth of these NPs are studied in detail. Further, tunable 

colloidal HfO2 NPs were fabricated by ultra-fast laser ablation in deionized water. HfO2 NPs 

in monoclinic phase was observed when ablation was performed at lower fluences. However, 

at higher input energies, interestingly, both monoclinic and hexagonal phases corresponding to 

HfO2 and Hf6O were observed. Hf6O is otherwise expected only at high pressures. These results 

are expected to provide useful information for understanding the electronic excitation induced 

modification of technologically important materials and can lead to applications in electronic 

and photonic devices.  
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Introduction and Motivation 

 

This chapter provides a brief introduction to the materials and methods that are used in this 
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1.1 Materials of Interest: Importance of HfO2 

Hafnium Oxide has attracted significant interest ever-since it has been envisaged as a potential 

gate dielectric to replace SiO2 in Metal Oxide Semiconductor (MOS) Device Technology [1,2]. 

Many of its properties still need thorough investigations, although it finds its place in modern 

integrated circuits to meet market demands [3-5]. Most importantly the effects of ion 

irradiation, radiation damage, and reliability studies are critical for long-term applications, 

particularly when used in space and other radiation environments. On the other hand, ion-beam 

studies would also yield essential information to tune the properties of materials with spatial 

selectivity.  

Hafnium Oxide, better known as hafnia with chemical formula HfO2, is an inorganic compound 

and has no color. HfO2 is the most stable and oxidized form of a metal Hafnium (Hf), which is 

a fourth elemental group metal in Mendeleev’s periodic table like Titanium (Ti) and Zirconium 

(Zr). Hafnium was first discovered by Dutch physicist Dirck Costar and a Hungarian physicist 

Georges de Hevesy in the year 1923 while they were studying the Zirconium ores [6]. Hafnium 

is a byproduct of Zirconium. Since the chemical properties of both the elements are same, it 

was very difficult to separate them from each other. The electronic structure of the Hafnium 

was predicted by using X-Ray elemental analysis. Hafnium is one of the most abundant 

materials in the Earth’s crust, and its abundance is three parts per million (ppm). The name, 

hafnium came after the ancient Latin name for the Danish capital city Copenhagen “Hafnia.” 

[7]. Two years later in 1925, two scientists J. H. De Boer and A. E. Van Arkel succeeded in 

separation of metallic Hafnium from the Zirconium ores using crystal bar process [8]. The 

commercial production of Hafnium was started in 1940’s. Hafnium has 600 times more neutron 

absorption cross section value [9] when compared to Zirconium. That is why in 1951, it was 

selected as a material to be used in nuclear reactor’s control rods along with Zirconium [10]. 

United States, Russia, Japan and France used the Hafnium metal heavily for their commercial 

(land-based nuclear reactors for electricity generation) and military defense (nuclear 

submarines) applications [11, 12].  

HfO2 occurs in four different polymorphic phases [13]. HfO2 can exist in the amorphous state 

from room temperature to ~500 ºC.  Monoclinic is the most stable phase at temperatures (1000 

ºC) with space group (P21/c). HfO2 exists in tetragonal phase at temperatures ~1700 ºC with 

space group (P42/nmc) and exists in cubic phase at higher temperatures > 2500 ºC with space 

group (Fm-3m). The temperature induced polymorphic phases of HfO2 are shown in Fig-1.1 
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and corresponding lattice parameters, space groups are shown in Table-1.1. HfO2’s melting 

point is about 2900 ºC, and boiling point is about 5400 ºC [14]. The temperature and pressure 

phase diagram of HfO2 shown in Fig-1.2. Hafnium binary compounds are the known best 

refractory materials. Hafnium Boride (HfB2), Hafnium Nitride (HfN) can sustain the very high 

temperatures and act as a refractory material in high-temperature ovens [15]. Materials with 

the HfO2 exhibit corrosion resistant property and hence it has been used in hypersonic glide 

vehicles, coatings on rocket engine parts and aerospace applications [16]. The cubic phase of 

the hafnia has low thermal conductivity and high corrosion resistance so that it can also be used 

as a thermal barrier in jet and diesel engines [17]. Material properties of the HfO2 are shown in 

Table-1.2. 

Table1.1: The phase evaluation temperatures, lattice parameters and space group of the HfO2. 

S. 

No 
Phase 

Phase 

transition 

Temperature 

Lattice 

parameters 

Space 

group 
Ref 

1 monoclinic >500 ºC 

a=5.117 Å 

b=5.175 Å 

c=5.290 Å 

β=99.77 

P21/c [18] 

2 Tetragonal >1700 ºC 
a=5.14 Å 

c=5.25 Å 
P42/nmc 

[19, 

20] 

3 Cubic >2500 ºC 5.08 Å Fm-3m [21] 

 

 

Fig 1.1: Crystal structure of the HfO2 a) monoclinic, b) tetragonal, and c) cubic [23, 23]. 
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Fig 1.2: Phase diagram of HfO2 [24]. 

Table1.2: Properties of the Hafnium Oxide. 

Formula HfO2 

Dielectric constant (25 – 30) 

Band gap 5.7 eV 

Refractive Index ~ 2 

Melting point 3000º K 

Boiling point 5500º K 

electron mean free path 9.2 nm 

Thermal conductivity 
~ 1.2 W/ (m· K) (~500 nm) at 300º K  

(0.27-0.49) W/ (m· K) (~3 nm) at 300º K 

Specific heat 272 J/ kg. K 

density 9.68 g/cm3 

Young’s module 57 GPa 

Specific Heat Capacity 120 J/kg-K 

Thermal Conductivity 1.1 W/m-K 

Thermal Diffusivity 0.95 m2/s 

Thermal Expansion 6.0 µm/m-K 

Linear expansion 5.8X10-6 /k 
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HfO2 is one of the high dielectric constant materials (25-30), it exhibits better-offset values, 

and good thermal stability with Si when compared to other high-k dielectric materials [25]. 

These exceptional qualities made the HfO2 as a gate dielectric in new generation Metal Oxide 

Semiconductor (MOS) devices. G.E Moore predicted that the number of transistors in the 

integrated circuit doubles in every two years [26]. Obeying with Moore’s law, the device size 

decreased drastically to increase the number of registry transistors on ICs. Further scaling down 

of a MOS structure up to the increase in leakage current in the gate oxide material SiO2 to 

unacceptable levels. These high leakage currents extremely affect the device tolerance and 

jeopardize the performance, durability and reliability [27]. The prerequisite of reduced off-state 

leakage currents in MOS devices demands an innovative era of device evolution with relatively 

new materials to replace SiO2 [28].  

To keep up Moore’s law, alternative gate oxide materials with higher dielectric constant than 

SiO2 are desired. Efforts have been made to study several high dielectric materials like Al2O3, 

Ta2O5, Gd2O3, TiO2, Er2O3, ZrO2, HfO2 etc. for their suitability to replace the SiO2 [29, 30]. In 

early 2007, Intel Corporation announced that HfO2 is the suitable replacement for SiO2 as a 

gate dielectric material in metal oxide semiconductors for their next generation 45nm 

technology [31]. Around the same time, in 2008 IBM corporation also announced their plans 

for the incorporation of high-k dielectric material for their new products [32]. Because of its 

superior properties in microelectronics, NEC electronics also announced inclusion of hafnium 

Silicate Oxy Nitride compound (HfSiON) in their 55 nm ultra-low power technology [33]. The 

schematic diagram of the MOS is shown in Fig-1.3. The high-k dielectric materials such as 

HfO2, with leakage current several orders of magnitude smaller than that of SiO2 for the same 

equivalent oxide thickness (EOT) can result in superior data retention property [34].  

 

Fig-1.3: The schematic diagram of the Metal Oxide Semiconductor (MOS) structure. 
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Memory devices are mainly two categories: First, the devices with volatile memory also known 

as Random Access Memory (RAM), which lose the stored information when the power is 

switched off and second, the devices with non-volatile memory, also known as Read Only 

Memory (ROM), which do not lose the stored information even when the power is switched 

off.  Examples of devices with volatile memory are MOS, Complementary MOS, and Dynamic 

RAM. While the examples of the devices with non-volatile memory include Masked ROM 

(MROM), Programmable ROM (PROM), Erasable Programmable ROM (EPROM), 

Electronically Erasable Programmable ROM (EEPROM) and flash memory devices [35]. 

There is a subsequent interest growing on the developments of the flash memory because of its 

potential for storage applications. In the recent years, much attention is being paid onto 

nanocrystal-based storage devices in the non-volatile memory applications [36] because of 

their low-cost device fabrication, better retention time due to quantum confinement effects and 

excellent immunity to stress-induced leakage currents. There have been numerous reports on 

metal (Au, Ag, Pt.,etc) and semiconductor (Si and Ge) embedded in SiO2 [37-41]. The fact that 

HfO2 has an advantage of reducing the size of the device embedded NPs in HfO2, attains 

significance for NVMs. S. Tiwari et al [42, 43] have reported HfO2 based nanoparticle (NP) 

non-volatile memory devices. The schematic diagram of NP embedded floating gate memory 

structure is shown in Fig-1.4. HfO2 based Resistive Random-Access Memory (RRAM) is 

another emerging field in non-volatile memory applications [44-45]. 

 

Fig-1.4: The schematic diagram of the floating gate memory structure. 

HfO2 has a high refractive index (~ 2), large bandgap (5.7 eV) [46], wide transparent range 

from Ultra Violet (UV) region to Infra-Red (IR) region. A fully oxidized HfO2 film doesn't 

absorb radiation from 300 nm to about 10 µm. The transparency of hafnia in the near-ultraviolet 

(near-UV) to far-infrared (far-IR) region has various applications such as astronomical Si-

based CCDs [47], night vision and IR optical devices [48], UV-IR protective layers [49, 50], 

solar cells antireflection coatings [51], etc.  
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HfO2 exhibits better cytocompatibility with biological samples. There are reports on usage of 

HfO2 nanoparticles for cancer radiotherapy. Researchers have found a unique approach to 

increase the radiation dose within the tumor tissue by using elements of high atomic numbers 

(z). Maggiorella et al. [52] have studied the flexibility of usage of HfO2 NPs for cancer therapy. 

Recent studies suggested the use of cubic HfO2 NPs in medical applications [53]. In the current 

scenario, the technology is tending towards nanoscale to enhance and improve the properties 

of these materials for various applications. HfO2 NPs have broad-ranging applications in 

various fields including biomedical applications. Recent studies have shown that the inert 

behavior of HfO2 NPs makes them suitable candidates for cancer therapy [54], nanocrystalline 

HfO2 based biosensors [55], HfO2 nanowire-based Ion-Sensitive Feld Effect Transistor (ISFT) 

for pH sensors [56], X-ray contrast agent and mid-IR biosensor [57] applications. 

As mentioned earlier HfO2 is the state of the art material in integrated circuit technology [26, 

29, 31]. Many of its properties still need thorough investigations even though it has seen high 

usage in modern integrated circuits to meet market demands [43, 45].  Further, the effects of 

ion irradiation, radiation damage, and reliability studies are critical for long-term applications, 

mainly when used in space and other radiation environments. On the other hand, ion-beam 

studies would also yield essential information to tune the properties of materials with spatial 

selectivity. A brief discussion on ion-solid interactions and ion beam studies of materials has 

been presented in the following sections. 

1.2 Basics of ion-solid interactions 

The research on ion beams in physics dates back to more than hundred years ago. The journey 

started in 1911 with Rutherford’s ion matter interaction in his famous gold foil experiment 

[58]. Following Rutherford’s gold foil experiment, many researchers started the understanding 

of ion beams and interaction of ion beams with matter. Later in 1932, John Cockcroft and 

Ernest Walton developed the Cockcroft–Walton–accelerator and studied the transmutation of 

Lithium into Helium after irradiation with energetic protons [59]. When an energetic ion 

interacts with the material atoms, this leads to the modification of the material. When an 

accelerated ion beam is incident on solid materials, this can lead to a number of phenomena as 

discussed below:  

When an energetic ion is incident on a solid, it interacts with atoms and molecules of that solid 

depending on its energy. Interaction of ions with electronic subsystems is more significant 

when its velocity is comparable or greater than the Bohr velocity of electrons [60, 61]. The 
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interaction of ions with atoms is mostly by elastic collisions and energy lost by ion in this 

process is called as nuclear energy loss ((
𝑑𝐸

𝑑𝑥
)nuc or Sn). Whereas the interactions of ions with 

electrons is inelastic in nature that leads to the excitations and ionization of atomic electrons. 

The energy lost by ions in this process named as electronic energy loss ((
𝑑𝐸

𝑑𝑥
)ele or Se). 

Depending on the strength of these interactions, ion can pass through a maximum depth (called 

projected range, Rp) in a given material before they come to rest. Se, Sn, and Rp critically 

depend on ion-solid combination. The charge (Z1), mass and energy (E), of incident ion and 

the charge (Z2), and density of target material are the crucial parameters as seen in following 

equations. The values of Se, Sn, and Rp can be estimated for any ion-sold combination by a 

famous computer simulation program known as Stopping and Range of Ions in Matter (SRIM-

2013) [62]. 

(
𝑑𝐸

𝑑𝑥
)

𝑡𝑜𝑡𝑎𝑙
= (

𝑑𝐸

𝑑𝑥
)

𝑒𝑙𝑒𝑐
+ (

𝑑𝐸

𝑑𝑥
)

𝑛𝑢𝑐
=  −𝑁ɛ(𝐸)   (1.1) 

The ions backscattered from the beneath of surface will have less energy than those of 

backscattered at the surface, owing to electronic energy loss. The nuclear energy loss is 

depending on the elastic collision between the projectile and stable material atom. In this case, 

the initial momentum and final momentum conserves. The nuclear energy loss can be described 

by the equation,  

(
𝑑𝐸

𝑑𝑥
)

𝑛𝑢𝑐
 = (

4𝜋𝑍1
2𝑍2

2𝑒4𝑁

𝜈2𝑀2
) ∗ (

𝑏𝑚𝑎𝑥

𝑏𝑚𝑖𝑛
)     (1.2) 

where N is the number of atoms per unit volume Z1 e, M1 and v are the projectile charge, mass, 

and velocity while Z2 e, M2 is the target atom charge and mass, b is impact parameter. 

Electronic energy loss is an inelastic process. Most of the projectile ion energy is shared by an 

electronic system of the target. The energy loss of incident ion per unit distance is calculated 

by multiplying the energy transfer with the differential cross section and integrates over all the 

impact parameters ( from bmin to bmax). The electronic energy loss per unit distance is given by 

the equation,   

(-
𝑑𝐸

𝑑𝑋
)𝑒𝑙𝑒 = (

4𝜋𝑍1
2𝑒4𝑛

𝜈2𝑚
) ∗ (𝑙𝑛

𝑏𝑚𝑎𝑥

𝑏𝑚𝑖𝑛
)    (1.3) 
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1) If the incident ion energy is of the order of few eV (~ 5 eV), the incident ion may be absorbed 

into the solid or bouncing off from the solid surface may happen. In this case, the momentum 

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

2) If the incident ion energy is between the 5eV to 5 keV, the resulting momentum transfer 

between the incident ion and solid cause the electron pickup, ionization, desorption and 

sputtering of the solid surface will occur. The surface atoms are ejected from the solid surface 

when the incident ion kinetic energy overcomes the surface binding energy. Generally, the 

average surface binding energy and covalent bonding energy of solids are of the order of few 

eV (~ 5 eV). The elastic collision between the projectile ion and solid atom cause the sputtering 

and similarly inelastic collisions cause the ionization and charge exchange.  

3) If the incoming ion energy is more than 5 keV to MeV, the projectile passes into the solid 

and lose their energy by either elastic scattering or inelastic scattering. In this case, phonons 

and secondary electrons are produced due to scattering. The average penetration depth of an 

ion in particular material is known as ion range. The ion range may vary depending on the 

material and typically ion range varies from 1 nm to several µm. The resulting phenomena of 

Ion implantation is the most important technique for semiconductor and certain device 

fabrication. 

4) The swift ions lose their energy by two main processes 1) transferring to target electrons 

known as electronic energy loss (Se), transferring the energy to target atoms known as nuclear 

energy loss (Sn). The stopping cross section describes the energy loss of swift ion in the 

material per unit length as given in below equations [63, 64]. In addition to that, ionization, 

sputtering of the target atoms, defect creation in the target, charge state modification takes place 

in the process of ion irradiation. The SHI irradiation and consequent effects will be discussed 

in the following sections. 

1.2.1 Swift Heavy Ion (SHI) irradiation: 

Irradiation of a material with high energy ions has imperative effects on the electrical and 

optical properties of materials. SHI irradiation is a versatile technique to modify various 

materials, nanoparticles and embedded nanostructures in the materials [65]. Along with, ion 

beams can be used as a tool to synthesize the materials as well as characterize the materials 

[66]. Smaller systems of ion accelerators are used for basic studies in physics [67], chemistry 

[68], medicine [69] and nano-electronics [70] applications. The ion energies, ion flux, fluence, 
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and temperatures affect their respective phenomenon like sputtering, preferential sputtering by 

surface modification and nanostructures.  

SHI irradiation is a unique method to modify the material in a controlled manner. With SHI 

irradiation, one can increase the critical current density, improve the magnetism in magnetic 

materials, create the nanostructure materials for sensor devices applications and modify the 

nanostructured materials that are embedded in dielectrics for memory applications. SHI can 

attain energies in the order of MeV/amu and can travel with 15 % of velocity of light. The 

subsequent energy losses create damage in cylindrical zone throughout the ion path known as 

“ion track.” The ion track diameter can range between 1 nm to several nm and purely depend 

on the type of material and ion energy. There are few models explaining the energy transfer 

mechanism in the material and the main emphasis in these models is on describing energy 

transfers from projectile to the material. For example, “thermal spike model” explains the 

lattice heating, that can lead to melting, vaporization and thermal quenching via track 

formation. The “Coulomb Explosion model” mainly focuses on the formation of charged 

cylindrical zones along the ion tracks and leading to atomic displacements. “Self-trapping 

exciton model” explains the high concentrated excitons created and consequent defect 

formation. The “Bond weakening model” explains the atomic bonding which excludes the 

physical parameters.  

 

Fig-1.5: Stopping powers calculations of ions in the range of 10 keV to 10 GeV, calculated 

using the Monte-Carlo software SRIM-2003 [71]. 
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Among all these models the thermal-spike and Coulomb explosion models are prominent to 

explain the latent track formation and subsequent effects. A model of the formation of the latent 

track during SHI irradiation is shown in Fig-1.5. 

 

Fig-1.6: Sketch diagram of SHI irradiation. 

1.2.2 Thermal spike model: 

Thermal spike model [72] is used to explain the structural modifications and track formation 

in materials. The thermal spike model is also responsible for the defect creation or annihilation 

and phase transformations in the material. This model accounts for the atomic and electronic 

systems separately. Thermal spike model explains the transient energy converted to the thermal 

energy in the subatomic system. Initially, the energetic ions share their energy with the target 

electrons, known as ionization process. The excited electrons ionize and jump to conduction 

band leaving a hole in the valence band. This process happens on the time scale of 10-17 sec, 

just like a delta distribution. The excited incoherent electrons interact with the target electrons 

and lose their energy via quasi-thermal distribution. This process happens within 120 fs after 

the excitation. The electron-electron interaction increases the electronic temperatures. The 

quasi-thermal electrons in the conduction band further lose their energy via electron-phonon 

interaction. This process happens on the time scale of 1-10 ps after the excitation. In this 

situation, the sharp rise of temperature in the target material attains the melting temperatures 

[73, 74]. The affected region is around 1-100 nm diameter along the ion trajectory known as 

ion track. The track diameter depends on the irradiation parameters and irradiated material. In 

this process, the rate of quenching of the raised temperature will be 1014 K/s. This model can 

be explained by time-dependent coupled partial differential equations that represent the heat 

transfer between the two systems. 

𝐶𝑒
𝜕𝑇𝑒

𝜕𝑡
=

1

𝑟

𝜕

𝜕𝑟
[𝑟𝐾𝑒

𝜕𝑇𝑒

𝜕𝑟
] − 𝑔(𝑇𝑒 − 𝑇𝛼) + 𝐴(r, t)      (3.3) 
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𝐶𝑎
𝜕𝑇𝑎

𝜕𝑡
=

1

𝑟

𝜕

𝜕𝑟
[𝑟𝐾𝑎

𝜕𝑇𝑎

𝜕𝑟
] ∓ 𝑔(𝑇𝑒 − 𝑇𝛼)                           (3.4) 

where 𝐶𝑒 𝑎𝑛𝑑 𝐶𝑎 are specific heats of electronic and atomic subsystems, respectively, 𝐾𝑒, 𝐾𝑎 

are thermal conductivities. 𝑇𝑒, 𝑇𝑎 are electronic and atomic temperatures. g is electron phonon 

coupling parameter and r is the radial distance. The coupled differential equations predict the 

rise of temperature in the sub atomic lattice. 

1.2.3 Coulomb explosion model : 

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

and track formation. The major difference between the thermal-spike model and Coulomb 

explosion models are difference in SHI energy is transformation into the subatomic lattice. The 

similar way in the above case, the SHI energy transferred to the material electrons in the time 

scale of 10-17 sec. The excited electron cloud produces charge separation in the SHI passage 

region. The transiently produced positive charge core repel each other cause a track formation, 

which is called “Coulomb explosion” model [75]. The transiently generated electric field is 

enough to overcome the bond strength of the material and cause the displacements of atoms in 

the ionic core. Fleisher, Price, and Walker [76] established the Coulomb explosion model for 

causing of ion tracks in solids. They define the sensibility of atomic displacement concerning 

the physical parameters of a solid as follows 

𝜎𝑒 =
𝑛𝑒2

ɛ𝑎0
4                           (3.5) 

Where σe is the electronically generated stress in the ion core, e is the charge, n is the charge 

state, ɛ is the dielectric constant of a material and a0 is the average separation between the 

atoms. The condition for the electrostatic stress exceeding the mechanical strength of a material 

is defined by  

𝑛2 > 𝑅 =
𝑌ɛ𝑎0

4

10𝑒2
      (3.6) 

Here, Y is Young's modulus, R is the stress ratio considered for sensitivity of track formation 

in solids. The interatomic force or tensile strength of a material depends on Young's modulus 

of the material [77]. Coulomb explosion model is more prominent in insulators and 

semiconductors than the metals where neutralization and screening is much faster than lattice 

relaxation. Plasmon frequencies are much higher than phonon frequencies [78]. Therefore, 

electrons return to their vacant orbitals much faster than lattice atoms can move. 
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1.3 SHI induced amorphization and crystallization 

Metal oxide semiconductors and binary oxides like ZrO2, HfO2 show a huge response to SHI 

irradiation. Generally, the binary oxides are radiation resistant materials; they show defect 

creation but no significant changes due to irradiation. Some materials in the same category are 

more prominent to show the radiation response. They show changes in chemical composition 

and a phase transition including amorphization. The initial state (sub-oxides) of the material 

plays a critical role in radiation response. For example, ThO2 irradiation by Au ions up to 2.2 

GeV induces only point defects through single impact mechanism [79, 80]. UO2 shows defect 

tracks annihilation via precipitation of loops, due to irradiation [81]. Some of the fluoride 

samples show grain growth and grain fragmentation during irradiation [82, 83]. These materials 

show resistance to the SHI irradiation and manage somehow, to produce/ annihilate the defects. 

Amorphization is commonly observed in complex oxides like SiO2, Al2O3, alpha- SiO2 up to 

several MeV/amu for several ions [84, 85]. They all undergo the structural relaxation during 

SHI irradiation. “O” vacancy concentration and diffusion play an important role for the 

structural relaxations after exceeding certain critical defective region [86]. Although some 

computational models suggest that, even though the thermal spike leads the material to melting 

temperatures inside the track, multiple ion impact mechanism could lead to the amorphization 

of material. This effect has been observed in ZrO2 and Al2O3 also [87].   

 In some other cases, the material shows the phase transition depending on the initial phase and 

irradiation conditions. In this category, ZrO2 and HfO2 are the best examples and amorphous 

to monoclinic, monoclinic to tetragonal phase transitions have been reported in the literature 

[88, 89]. ZrO2 and HfO2 materials exhibit different polymorphic phases concerning the 

temperature. The similar kind of phase transition has also been observed in Dy2O3 and TiO2 

powders also [90]. The grain size, chemical composition, initial phase and oxygen defects play 

a critical role in phase transformation of material or thin films. 

Metal and semiconductor NPs that are embedded in the dielectric matrix have applications in 

electronics, optoelectronics, and plasmonic applications [91, 92]. Especially metal and 

semiconductor NPs embedded in the HfO2 matrix have proved suitable for non-volatile 

memory and plasmonic applications [93]. The NPs shape, size, and surrounding environment 

can alter the surface plasmon resonance peak position [94]. SHI irradiation has a unique 

capability feature of creating tracks in insulators. The SHI induced ion tracks can tailor the 

properties of embedded NPs within the track diameter [95]. These are few observations made 
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after studying the literature of SHI induced modifications of materials and NPs [96-99]. Hence 

it is important to elucidate the underlying mechanisms. 

1.4 The objective of the thesis 

The aim of this thesis is to study the effects of SHI irradiation on the structural and optical 

properties of HfO2 films and NS’s that are embedded in HfO2 matrix. In brief, the motivations 

are: 1) To optimize the RF sputtering system for preparation of HfO2 thin films, and NP 

embedded HfO2 thin films. 2) To fabricate the HfO2 films at those optimized conditions and 

further study the SHI irradiation effects on these films and nature of evolution of defects during 

irradiation, 3) To fabricate the Ag/HfO2/Ag multilayered structure and study the SHI induced 

effects on their optical and structural modifications and 4) To perform SHI assisted fabrication 

of Si and Ag NPs embedded in HfO2 and laser ablated HfO2.  

Chapter-1: Introduction and Motivation 

Chapter 1 outlines the motivation and aim of the present thesis work. This chapter explains the 

importance of the currently used materials and signifies the research needs in the cutting edge 

of the scientific field. The literature survey provides detailed information about the existing 

knowledge in this area. This chapter briefly explains the need for the present work and possible 

areas in which this dissertation is to build up. 

Chapter-2: Experimental Methods 

Chapter 2 describes the synthesis of the films, various characterization techniques and facilities 

employed to investigate the present work. HfO2 thin films were synthesized by a newly 

installed RF magnetron sputtering system in our School. Some of the samples were prepared 

by electron beam (e-beam) evaporation method at Inter University Accelerator Center (IUAC), 

New Delhi. These samples were characterized by Grazing Incident X-Ray Diffraction 

(GIXRD), Field Emission Scanning Electron Microscope (FESEM), Transmission Electron 

Microscopy (TEM), Photo Luminescence (PL), Profilometer and optical spectroscopy at 

University of Hyderabad while the Rutherford Backscattering Spectroscopy (RBS) 

measurements were performed at IUAC, New Delhi. This chapter also explains the working 

principle of 15 MV Pelletron accelerator facility at IUAC, New Delhi. Applicability of Thermal 

spike and Coulomb explosion models to understand the results on HfO2 based materials have 

been discussed.  In essence, the details of the experimental setups, the basics of experimental 

methods and characterization techniques are described in this chapter. 
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Chapter-3: Fabrication of Hafnium Oxide Thin Films by RF Magnetron Sputtering 

Chapter 3 gives the information about the optimization of RF magnetron sputtering system to 

fabricate HfO2 thin films by various techniques. Good quality HfO2 thin films were deposited 

on Si and quartz substrates after the optimization of the RF magnetron sputtering machine. 

Characterization techniques such as RBS, GI-XRD, FESEM, and Profilometer techniques have 

been employed. The thickness of the HfO2 films increased linearly with an increase in RF 

power. At lower deposition powers, the HfO2 grains are spherical and deposition at higher 

powers led to irregular grain growth. The thickness of the HfO2 films decreased with increase 

in deposition pressure. The porosity in the films increased with increase in deposition pressure. 

We noticed that 60 W power and 10 mtorr deposition pressure are a possible for fabricating 

HfO2 thin films. Films annealed up to 400oC have shown amorphous nature and further 

annealing at higher temperatures showed monoclinic nature. These results suggest that reliable 

HfO2 films have been synthesized and can be used for further studies with the optimized 

conditions.  

Chapter-4: Ion Induced Crystallization and Grain Growth of Hafnium Oxide Nano-

particles in Thin-films deposited by RF Magnetron Sputtering 

In this chapter, we report on the SHI irradiation induced crystallization and grain growth of 

HfO2 NPs, within the HfO2 thin-films deposited by RF Magnetron sputtering technique. As 

grown films consisted of large amorphous clusters of non-spherical HfO2 NPs. These 

amorphous clusters are transformed into crystalline clusters under 100 MeV Ag ion irradiation.  

These crystallites are found to be spherical and well dispersed within the films. The average 

size of these crystallites are found to increase with fluence. Pristine and irradiated films have 

been characterized by High Resolution Transmission Electron Microscopy (HRTEM), Selected 

Area Electron Diffraction (SAED), GIXRD and PL measurements. The PL measurements 

suggested the existence of different types of oxygen-related defects in pristine and irradiated 

samples. The observed results on crystallization and grain growth under the influence of SHI 

are explained within the framework of thermal spike model. The results are expected to provide 

useful information for understanding the electronic excitation induced crystallization of NPs 

and can lead to useful applications in electronic and photonic devices.  
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Chapter-5: Swift Heavy Ion Induced Grain Fragmentation and Phase Change in Thick 

Hafnium Oxide Films 

This chapter explains the ion-induced surface modifications and phase transformation in HfO2 

films. Thick HfO2 films (~ 500 nm) were deposited by RF magnetron sputtering method at high 

RF powers (~ 120 W) and were irradiated by 100 MeV Ag ion. As grown HfO2 films were in 

monoclinic phase, self-oriented nano-flake structure due to high deposition rates and film 

growth conditions adopted in this study. Phase transformation and grain fragmentation within 

the film were investigated by studying the change in peak areas and peak widths of various 

peaks in the GIXRD patterns. After irradiation, the films got transformed from monoclinic to 

tetragonal phase. The obtained damage cross sections, ion track radii from the normalized 

GIXRD peak areas and averaged GIXRD peak widths are in agreement with each other. The 

FESEM data further confirms the grain fragmentation. The grain size (long axis) varied from 

70 nm to 15 nm with increase in irradiation fluences. PL emission confirms the shallow oxygen 

defects and F-centers present in HfO2 films. After irradiation, some of the defect states 

disappeared while some other defect states were not modified much. The grain fragmentation, 

phase transformation, and defect annihilation have been discussed in detail with respect to ion 

irradiation in the framework of thermal spike model.  

Chapter-6: SHI Assisted Fabrication of Silicon (Si) and Silver (Ag) NPs Embedded in 

Hafnium Oxide Matrix and Laser Ablated HfO2 NPs. 

This chapter presents the synthesis of “HfO2-Silver” multilayer structures deposited by the e-

beam evaporation method and Si co-doped HfO2 films by RF magnetron sputtering method 

respectively. In these HfO2-Silver multilayer structures, one set of samples were kept at room 

temperature and another set of samples were annealed at 500º C. All these multilayered 

structures, co-doped samples, and annealed samples were irradiated with 100 MeV Ag ions 

using different ion fluences at IUAC New Delhi. GIXRD, PL, FESEM and optical 

measurements were performed at the University of Hyderabad and RBS measurement was 

performed at IUAC New Delhi on all these samples. Changes observed in the structural and 

optical characteristics as a function of fluence and relevant physical mechanisms for all these 

samples will be discussed in detail. HfO2 pellets were subjected to laser ablation at different 

energies. It was found that pure HfO2 NPs are formed at lower energies and hafnium sub-oxide 

hexagonal (Hf6O) with rhombohedral structure have been formed at higher energies. The 

particle size increased with the laser energy. HfO2 exhibits distinct phases depending on the 
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synthesis conditions; some are pressure-induced phase transitions, while others are 

temperature-induced phase transitions. All these phase transitions depend on “Hf” and “O” 

concentration levels as well. 

Chapter-7: Conclusion and Scope of Further Work 

This chapter summarizes the overall work done in this thesis and provides the scope and 

outlook for the possible future investigations in this field.  
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Experimental Details 

 

This chapter briefly explains the experimental methods that are used in entire thesis work. 

Essentially the fabrication methods, ion irradiation, working principles of various 

characterization techniques and equipment used, have been discussed. 
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2.1 Introduction 

Various synthesis methods, characterization techniques, irradiation details and instruments that 

are used in the present thesis work, have been discussed briefly. The working principles of the 

different characterization techniques are pre-requisites to analyze and understand the 

experimented films. The pre-plan, necessary irradiation details are the crucial part of the work. 

The specific experimental parameters that are used in different experiments are given in the 

respective sections. 

2.2 Fabrication methods 

To complete this thesis work, Hafnium Oxide (HfO2) thin films, HfO2 and Silicon (Si) 

composite thin films, HfO2 and Silver (Ag) multilayer thin films have been deposited using 

two different methods. HfO2 films and composite thin films were deposited using a newly 

installed RF magnetron sputtering machine whereas multilayer films were deposited by e-beam 

evaporation method at IUAC New Delhi. 

The above mentioned two methods belong to the Physical Vapor Deposition (PVD)techniques 

[1]. In these processes, solid material transforms to atomic species under applied external 

power. The atomic species with minimal kinetic energy (3 – 15 eV) travel through a distance 

(source to substrate) and get deposited on the substrate by nucleation process. As the time 

passes, the nucleation process increases and leads to the formation of a continuous film of 

desired thickness. 

2.2.1 DC and RF magnetron sputtering methods: 

The ejection of atoms from the surface of a target material by bombardment with energetic ions 

is called “sputtering”. Sputtering is one of the PVD processes to deposit thin films. Basically, 

in this process the gas atoms are converted to positive ions and electrons by acquiring energy 

from the applied external energy source. The ionized Ar ions bombard the target surface that 

ejects the atoms/molecules of material. Using this sputtering process, we can deposit a wide 

range of materials like metals, insulators and plastics (polymers) by choosing the power supply 

like DC or AC. Usually, DC sputtering is employed for the metals and RF sputtering is 

employed for both metals and insulators. Among all the deposition processes sputtering is one 

of the efficient methods to fabricate the thin films. The disadvantage of both DC and RF 

sputtering process are the low ionization rates, which are around ~ 0.1 %. The less ionization 
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rates give the poor deposition rates. Another disadvantage of conventional sputtering is that it 

requires high Ar pressure to get the plasma, higher pressure further degrades the film quality.  

When Compared to conventional sputtering process, the magnetron sputtering gives the clear 

advantage. The schematic representation of RF magnetron sputtering process is shown in Fig-

2.1. The high strength fixed magnet beneath the target material confirms the energetic electrons 

in a spiral path. The confirmed electrons increase the ionization rate, which is generally 0.1-1 

%. The higher ionization rates increase the deposition rates even at lower Ar pressures. After 

ionization, the positively charged Ar ions acquire energy in the range of 500-1000 eV. 

 

Fig 2.1. The schematic representation of magnetron sputtering process [2]. 

The deposition parameters like RF power, Ar pressure, and substrate to target distance can alter 

the film parameters greatly. In general DC sputtering voltage and currents can vary around 0.5-

2 kV and 0.5 to 2 A respectively. In the case of RF sputtering the power is in the range of 30 

W to 250 W according to the size of the target material. Ar pressure can vary from 5 mtorr to 

50 mtorr. Sometimes both Ar and O gas can be introduced into the deposition chamber 

depending on the requirements. The advantages of the magnetron sputtering process are high 

deposition rates, low deposition pressures, better film quality, more reproducibility and control 

over the deposition. The disadvantages are that it requires large target material (2-inch diameter 

and 3 mm thickness). A picture of the newly installed semi-automatic RF Magnetron sputtering 

system at SOP, UOH is shown in Fig-2.2. RF magnetron sputtering system is optimized to 

fabricate the good quality HfO2 thin films. At optimized conditions, thin (10-15 nm), and thick 

(500 nm) HfO2 films were deposited for Swift Heavy Ion (SHI) irradiation studies. Further, 

HfO2 and Si composite thin film were deposited using co-deposition process.  
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Fig-2.2: RF and DC magnetron sputtering system installed at SOP, UOH. 

2.2.2 Thermal and e-beam evaporation systems: 

Thermal and electron beam (e-beam) evaporation are well-known PVD processes for thin film 

deposition [3]. In both the cases the material is evaporated by applying the external energy and 

the evaporated material travels through a distance in vacuum and gets deposited on the 

substrate. Thermal evaporation is the simplest process of all the deposition systems. In this 

case, the evaporated material is placed on a high melting point metal (generally Tungsten or 

Molybdenum) boat and the applied high current or voltages can bring the material to melting 

temperatures. The schematic diagram of thermal evaporation system is shown in Fig-2.3(a). 

Whereas in the case of e-beam evaporation system, the high intense electron beam brings the 

material to melting point of the material.  As shown in Fig-2.3(b), a powerful fixed magnet 

beneath the target material pocket bends the electron beam in such a way that it falls on the 

material. The disadvantages of both processes include the difficulty to evaporate high melting 

point materials, difficulty to control the film composition and the need of high vacuum to get 

the deposition pressure (~ 10-6 mbarr) compared to other systems. These methods also need 

high currents and high voltages. Advantages of these processes are high deposition rates, little 

wafer damage and excellent purity in the films. 
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Fig-2.3: The ray diagram of a) thermal (left) and e-beam evaporation (right) systems [3, 4]. 

HfO2 and Ag multilayer thin films were deposited using the above two systems. HfO2 films 

were deposited by e-beam and Ag films were deposited by thermal evaporation systems layer 

by layer simultaneously. These depositions were carried out at IUAC New Delhi.    
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2.3 Sample Preparation and Description  

A brief summary of sample specifications, material and characterization techniques that are 

used in this thesis are given in this section. Each sample series consists of many samples 

prepared at identical conditions. Initially, HfO2 thin films were prepared using RF magnetron 

sputtering method to optimize the system. The sample preparation details are given in Table-

2.1 and Table-2.2. 

Table-2.1: Sample specifications and characterization details for optimization of experiments. 

S. 

No 
Parameter Substrate 

Range of 

parameter 

Characterization 

techniques employed 

1 Deposition power 
Si and 

Quartz 
40 to 120 W 

Profilometer, RBS, 

FESEM, Transmission, PL 

2 
Deposition 

pressure  

Si and 

Quartz 
10 to 40 mbarr 

Profilometer, RBS, 

FESEM, Transmission, PL 

3 
annealing 

temperature 

Si and 

Quartz 
100 to 600 ºC 

Profilometer, RBS, 

FESEM, Transmission, PL 

 

Table-2.2: Sample specifications and characterization details for irradiation work. 

Sample 

Name 

Preparation 

Method 
Substrate 

Sample 

Structure 
Characterization 

Set-A 
RF magnetron 

sputtering 

Si, Quartz, and 

TEM grids 

~10 nm HfO2  

thin film/Si 

TEM, XRD, FESEM, 

Transmission, PL 

Set-B 
RF magnetron 

sputtering 
Si, Quartz 

500 nm HfO2 

thick film/Si 

RBS, FESEM, XRD, 

PL 

Set-C 
RF magnetron 

sputtering 

Si, Quartz, and 

TEM grids 

HfSiOx 

composite film 

TEM, FESEM, XRD, 

Transmission, PL 

Set-D 
e-beam 

evaporation  

Si, Quartz, and 

TEM grids 

HfO2: Ag 

multilayer films 

RBS, TEM, FESEM, 

XRD, Transmission 
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2.4 Swift Heavy Ion (SHI) irradiation and ion beam studies 

2.4.1 The 15 UD Pelletron Accelerator 

SHI irradiation has been performed on the RF sputtered films and e-beam evaporated samples 

using 15 UD Pelletron accelerators installed at IUAC New Delhi [5]. The schematic 

representation of the Tandem type Pelletron accelerator manufactured by National 

Electrostatics Corporation (NEC) is shown in Fig-2.4. The Pelletron type accelerator can 

accelerate most ions from few keV to few hundred MeV [6]. Initially negative ions are 

produced and are pre-accelerated up to 300 keV at the ion source. The negatively charged ions 

are injected to the main accelerator tank with the assistance of injector magnet. The negatively 

charged ions accelerated towards the terminal in the robust positive electrical field. At the 

middle of the accelerator, terminal stage, negative ions pass through the stripper foil and get 

converted in to the positive ions leaving some of the electrons. Further the positive ions will be 

accelerated from terminal to ground potential. 

 

Fig-2.4: Schematic representation of IUAC Pelletron Accelerator [5]. 
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 The final energy of the ion beam can be calculated using the formula,  

E = Eo+ (q + 1) VT MeV     (2.1) 

where, Eo is the initial energy of ions before acceleration, q is the charge state after stripping, 

VT is the high terminal voltage at the middle of the tank. In general, VT is few million volts 

generated at terminal. In IUAC New Delhi, there are seven beam lines and among these beam 

lines, materials science beam line is situated at 15º to the switching magnet. The accelerated 

ion beam can be switched to the desired beam line according to our experimental requirements. 

The material science irradiation beam line chamber is shown in Fig-2.5. 

 

Fig-2.5: Material science beam line and irradiation chamber facilitated at IUAC [6]. 

The beam current can be measured by using Faraday cup (FC) as shown in Fig-2.5. FC’s are 

facilitated along the beam lines at different stages. The irradiation ion fluence is directly 

proportional to the irradiation time. 

𝑇 (sec) =
𝐹𝑙𝑢𝑒𝑛𝑐𝑒 × 𝐴 

6.25×1012×
𝐼

𝑞
 
     (2.2) 

where T is the required time (in seconds), A is the scan area of the material, the irradiation 

fluence measured in ions/cm2, q is the charge state and I is the beam current which is measured 

by FC. In general, the beam current measured in particle nano-ampere (pnA) which is equal to 

the measured current divided by charge state (I/q). 
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2.4.1 Ion beam analysis: (RBS) 

Rutherford in 1911 used the backscattering spectroscopy in his revolutionary gold foil 

experiment to determine the structure of atoms [7]. However, Rubin et al. [8] brought this 

method to modern material analysis applications. In recent years, RBS turned out to be one of 

the best and common techniques in material science. RBS measurements are widely used to 

analyze the composition of the material, thickness of the films and inter diffusion of layers of 

thin films. A target is bombarded by a light element (projectile) with MeV energy, which is 

backscattered at certain angle with a certain energy.  The working principle of RBS is based 

on elastic collisions between the projectile and target atoms. Based on this principle, by 

measuring the backscattered momentum and energy, one can obtain the information about the 

target elements. The main advantage of the RBS is that it is very sensitive to the higher mass 

number elements with good depth resolution of several nm while the drawback of the RBS is 

low sensitivity for the lighter elements. RBS quantitatively determines the composition of the 

sample. For modern application purposes, generally a 2 MeV He2+ ions are preferred as incident 

projectile ions. The kinematics of the RBS is shown in Fig-2.6. 

 

Fig-2.6: Kinetics of the RBS. 

In the above diagram ‘α’ is the projectile incident angle to the sample normal, ‘β’ is the exit 

angle of the projectile with normal to the surface and ‘θ’ is the scattering angle. The kinetics 

of RBS is given by conservation of kinetic energy and momentum. The kinematic factor (Krbs) 

can be expressed as, 
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0E Krbs = 1E                                                          (2.4) 

where, 1M and 2M are the masses of projectile ion and target ion respectively. 0E  and 1E  are 

the projectile ion energy before collision and projectile ion energy after collision respectively. 

Krbs is the kinematic factor which helps to identifying the target element precisely.  

 

Fig-2.7: RBS facility at IUAC, New Delhi [9].  

In our experiments, we have used 2 MeV He2+ ions to study the composition and thickness of 

HfO2/Si films. RBS measurements were performed at IUAC, New Delhi. The obtained spectra 

were analyzed using SIMNRA simulation software to fit the spectra [10]. At the RBS facility 

at IUAC New Delhi, for most of our results, we used Calibration offset of 96 keV, energy per 

channel 0.961 keV/ch and detector resolution of 25 keV/nm that were obtained by calibration 

samples. 

2.5  Irradiation details 

All the samples of RF magnetron sputtered HfO2 films and e-beam deposited multilayered thin 

films have been irradiated using 100 MeV Ag ions at different fluences from 3×1012 ions/cm2 

to 1×1014 ions/cm2. The scanning area was chosen to be 1×1 cm2 by using roster scan. Initially, 

Si and quartz substrates were pasted on middle of the ladder at separation of 1 cm each. The 

ladder has four sides, each side of the ladder is sufficiently stacked with the samples. The ladder 
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has been placed vertically into the irradiation chamber. The irradiation chamber is evacuated 

to a minimum pressure of 10-7 mbarr using high power turbo pumps. The ion current was 

maintained at 1 pnA to avoid the heating effect of the samples. Necessary precautions have 

been taken during irradiation to minimize the sample heating and channeling effects by 

maintaining low beam currents and 5° orientation of the sample, respectively. Irradiation 

details are given in Table-2.3. 

Table-2.3: Sample type and irradiation details. 

S. 

No 

Sample type 

Fluence 

(Ions/cm2) 

Ion 

Energy 

(MeV) 
Set-A  

(~15 nm) 

Set-B 

(500 nm) 

Set-C 

(~15 nm) 

Set-D 

(~15 nm) 

1 HfO2 -1 HfO2 -5 HfSiOx -1 H/Ag/H– 1 Pristine 

100, 

Ag7+ 

2 HfO2 -2 HfO2 -6 HfSiOx -2 H/Ag/H – 2 3×1012 

3 HfO2 -3 HfO2 -7 HfSiOx -3 H/Ag/H – 3 1×1013 

4 HfO2 -4 HfO2 -8 HfSiOx -4 H/Ag/H – 4 3×1013 

5 -- HfO2 -9 HfSiOx -5 H/Ag/H – 5 1×1014 

 

2.6  Characterization Techniques 

HfO2 films, composite films, and multilayered films before and after irradiation have been 

studied using suitable characterization techniques. Some of the techniques that are used for 

characterization are described in this section. 

2.6.1 X-Ray Diffraction (XRD): 

X-Rays were first discovered by German physicist W. Rontgen in 1895 [11]. Than after, two 

English physicists W.H. Bragg and W.L. Bragg in 1913 [12] explained the reason for the 

appearance of phases of crystals when exposed to X-Ray beams at certain angles. X-Ray 

diffraction technique is a fundamental, unique and nondestructive technique to characterize the 

sample to identify the phase, texture and particle/grain size of thin film or power. 
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The Bragg’s law (Eq-2.5 and Fig-2.8) explains the diffraction patterns that are produced when 

X-Rays are incident on the material at certain angle. The constructive and destructive 

interference patterns of the reflected X-Rays reveal the information about lattice spacing, 

bonding angles and plane directions of the single crystal and poly crystals. 

 

Fig-2.8: A model diagram shows the scatterings of X-Rays from crystal planes leading to X-

Ray diffraction [12]. 

The Bragg’s law can be derived as follows [12]: 

2d sinθ= nλ                                                              (2.5) 

where, d is the inter-planar spacing, θ is the angle between incident beam and lattice planes, λ 

is the wave length of X-ray and n is an integer (n=1, 2...). The average particle size or grain 

size calculated from the obtained peak width of the diffraction curve using Scherer equation 

[13] , as given below  

𝑑 =
0.9𝜆

β𝑐𝑜𝑠Ɵ
                                                       (2.6) 

where λ is the wavelength of X-rays, β is the full width at half-maximum of the XRD peak and 

θ is the Bragg diffraction angle. Glancing Incident X-Ray Diffraction (GIXRD) is an 

appropriate technique to analyze thin films where the incident angle is kept very low to increase 

the path length through film. GIXRD measurement was performed on HfO2 films, NPs and 

multilayered films using the in-house Bruker D8 Discover diffractometer, as shown in Fig-2.9. 

The instrument uses standard X-Ray wavelength (Cu Kα radiation, λ = 1.5405 Å). All the films 
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were scanned over the scan range 0º to 80º. The obtained peaks from the sample were analyzed 

by using Joint Committee on Powder Diffraction Standards (JCPDS) or PDF-4 software [14]. 

 

Fig-2.9: A picture of XRD instrument at SOP, UOH. 

2.6.2Field Emission Scanning Electron Microscope (FESEM): 

FE-SEM is an analytical technique used to study the surface morphology, structure of the 

material or a film surface. This technique was invented by Erwin Wilhelm Müller in 1936 [15]. 

The conventional microscopes are used to magnify feature size up to certain extent (10x to 

100x) in real space. In the case of SEM or FESEM, energetic electrons are used to scan the 

surface beyond the detection lines of conventional microscopes and gives the spatial resolution 

up to 1 nm. A field emission scanning microscope consists of a sharp tip, usually a tungsten 

having tip area around 100 nm and high melting point. High energy electrons pass through the 

tip and can get focused at an area of 1-5 nm with the help of condenser electromagnetic lenses. 

The focused electron beam scans the whole surface bit by bit. Owing to interaction between 

electron beam and sample surface, the secondary electrons and back scattered electrons are 

emitted. These electrons are collected by the detector and give the electronic signal of surface 

morphology. The schematic representation diagram of FESEM is shown in Fig. 2.10. 



Chapter 2 

37 
 

 

Fig-2.10: Schematic and ray diagram of a typical FESEM image [16]. 

The Energy Dispersive X-ray Spectroscopy (EDS) is a technique in conjunction with FESEM 

used to detect chemical contaminations present in the sample. X-Rays are generated when the 

energetic electrons interact with the sample along with secondary electrons and back scattered 

electrons. The electron beam ionizes the inner core shell electrons of each of element present 

in the sample. The inner core shells are filled by the outer electrons via emitting the 

characteristic X-Rays. These X-Rays are specific to the elements that are present in the sample.  

In our case, we have used Field Emission Scanning Electron Microscope, model: Carl ZEISS, 

FEG, ultra-55 system [17] to scan the HfO2 films, to estimate the grain sizes, to find out the Si 

percentage in the Si: HfO2 co-deposited films through EDS spectrum and to find out the 

thickness of the HfO2 films via cross sectional FESEM.  Fig-2.11 shows the image of Carl 

ZEISS, FEG, ultra-55 system at SOP, UOH.  
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Fig-2.11: A picture of FESEM system at SoP, UoH [18]. 

2.6.3 Transmission Electron Microscope (TEM): 

Transmission Electron Microscope (TEM) is commonly known as an electron microscopy 

characterization technique and is used to analyze the structural properties of a material, particle 

size distributions, etc. TEM is also an analytical technique in which the spatial resolution of up 

to 0.1 nm can be achieved. The first TEM was built by Ernst Ruska and Max Kroll in 1931 

[19], but the first commercial TEM came out in 1939 [20]. A beam of electrons, having few 

hundreds of keV energy pass through the specimen and form the image in CCD detector. The 

accelerated electrons de-Broglie wavelength is much smaller than the UV-Vis light, therefore 

electron-beam can attain the magnification higher than the conventional microscopes. The 

maximum magnification of optical microscope is up to 1000 X, in the case of SEM, the 

magnification level is up to 100 kX, where as in the case of TEM, the magnification can be up 

to 500 kX.  The specimen or sample thickness should be not more than 100 nm as electrons 

have to penetrate through the sample. The schematic representation of electron beam ray 

diagrams is shown in Fig-2.12. 
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Fig-2.12: Schematic representation of TEM ray diagram [19, 20]. 

Generally, TEM uses the high energy electron beam (200 keV) which passes through the 

vacuum column of the microscope, then electromagnetic lenses which are used to focus the 

electron beam on to the specimen. The major portion of the electron beam passes through the 

specimen and is known as transmitted beam and some of the electrons get diffracted from the 

specimen, known as diffracted beam. We can get the specimen image by two different modes 

depending on the beam direction. One is bright field image mode, and another is dark field 

image mode. In the case of bright field image mode, the transmitted electron beam passes 

through the objective aperture and produces the specimen image. Where as in the case of dark 

field image mode, the diffracted electron beam passes through the objective aperture and 

produces the specimen image. In our case, we have used bright field image mode. Another 

advantage of the TEM is Selected Area Electron Diffraction (SEAD). SEAD can generate the 

diffraction patterns and images on the fluorescent screen, through which we can find out the 

phase of the material. Inverse Fast Fourier Transform (IFFT) calculations can also be 

performed. In this thesis, TEM was used to analyze SHI induced phase transformation and 

particle growth of HfO2 nanoparticles and study the laser ablated HfO2 colloidal nanoparticles. 

Fig-2.13 shows the TEM (FEI Technai G2S- Twin 200 keV) instrument installed at Center for 

Nanotechnology (CFN), University of Hyderabad.   
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Fig-2.13: TEM (FEI Technai G2S- Twin 200 keV) instrument at CNF, UoH [21]. 

2.6.4 UV-Vis-NIR spectrometer: 

It is a branch of spectroscopy that deals with the study of light matter interactions. The 

electromagnetic radiation ranging from UV region to IR reason falls on the sample. Some of 

the light is absorbed by the sample and some of the light is reflected from the surface. If the 

films and substrates are transparent, most of the light transmits through the film and substrate. 

UV-Vis-NIR spectroscopy is a measurement technique that studies the light transmitted or 

reflected from the sample or a film. Films deposited on quartz substrates are used to study the 

optical properties like reflectance, absorbance, transmittance by using UV-Vis-NIR (model: 

JASCO V-570) double beam spectrophotometer as shown in Fig. 2.12 [22]. In the present 

study, we used wavelength range from 190 to 2500 nm and performed the transmission and 

absorption measurements. We kept the pure quartz as a reference for these measurements. A 

deuterium (D2) lamp and halogen lamp are used as sources of light for ultraviolet region and 

Vis-NIR region respectively. The light from the two sources get reflected from the mirror, then 

reflected beam passes through the slit-1 and strikes the diffraction grating placed in the same 

path line. The grating can act as a monochromator to select the desired wavelength. The desired 

monochromatic beam is passed through the slit-2 and then through the filter.  The filter (high 
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pass/low pass) is used to process the high order diffracted beams. The processed light beam 

strikes the second mirror before it gets split by the half-wave plate.  

 

Fig-2.14: Schematic diagram of UV-Vis-NIR spectrophotometer [22]. 

One beam acts as a reference light with light intensity (I) and passes through the reference 

sample. Another beam passes through the sample (either film or cuvette) and give the intensity 

(Io). the ratio between two light beam intensities (I/Io) gives the information about the sample.  

Transmittance is defined as the intensity ratio between the two transmitted beams from the 

sample and reference, usually referred as (%T). The absorbance of a sample is defined as 

logarithm of ratio of two transmitted beams. the reflectance is defined as the intensity ratio 

between the two reflected beams from the sample and reference, usually referred as (%R). 

2.6.5 Micro-Raman spectroscopy: 

Micro Raman spectroscopy is a non-destructive technique that can be used to analyze the 

samples either for quantitative or qualitative information. Raman effect was fist observed by 

Prof. C. V. Raman in 1923 [23]. The basic principle of Raman effect: when light interacts with 

the molecule or atom, most of the light is scattered through elastic scattering process known as 

“Rayleigh scattering”. A small portion of light scatters inelastically by excitation process. The 

inelastically scattered photons have signature of molecule or atom. The first micro-Raman 

system was introduced by Horiba scientific in 1970. This technique works on the principle of 

the vibrational agitations within the molecule. Each molecule has fingerprint region on wave 
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number which conforms the presence of that particular molecule in the prepared sample. The 

schematic ray diagram of micro Raman spectroscope shown in Fig-2.15. 

 

Fig. 2.15: Schematic of WITech Alpha 300 confocal micro-Raman spectrometer [24]. 

In this present thesis work, we have used micro Raman instrument to study the vibrational and 

phase of the laser ablated HfO2 NPs. This model consists of three different excitation 

wavelength laser sources; 1) Nd-YAG laser (40 mW power) having wavelength 514 nm 

covered in UV region and 2) a diode laser (7 mW power) with 785 nm wavelength covered in 

visible region and 3) a diode laser (7 mW power) with and 632 nm wavelength covered in near 

IR region respectively. These Raman signals are detected by the CCD (charge couple devices) 

detectors. A notch filter is placed before the detector to avoid the direct signal from the incident 

light. To position the sample under illumination spot, joystick is used which can move the 

sample in XY directions. The instrument is calibrated using standard single crystal Si sample 

before measurements. 

2.6.6 Photo Luminescence (PL) Spectroscopy: 

Photoluminescence is a nondestructive, non-contact method to study the electronic states and 

defect states of a material. When a material is excited with an electromagnetic radiation, some 

of the photons are absorbed by the material. The absorbed photons excite the inner electrons to 

the excited states and this process is called photo-excitation. The excited electrons come back 
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to the ground state by losing their energy via photons, this process is called photo-

luminescence. Fig-2.16 shows the block diagram of a typical photoluminescence spectroscope.  

 
Fig. 2.16: Schematic diagram of a typical fluorescence spectrometer [25]. 

From this instrument we can measure the photoluminescence, phosphorescence, emission, 

excitation and life-time measurements. Continuous lamp used for PL measurements, pulsed 

lamp is used for phosphorescence measurement, diodes and spark source are used for pulsed 

lifetime measurements, and photodiodes are used for correction of excitation wavelength 

ranging from 240 to 1000nm.The excitation wavelength should be higher than the bandgap 

energy of the sample so that the ground state electrons are excited to higher energy states. In 

emission phenomenon excited electron recombine with hole at ground state or with a defect 

states within the bandgap. The emitted photons are collected at an angle of 45o with respect to 

excitation light. One of the objectives of this thesis is to find out and recognize the SHI induced 

defect modification in HfO2 films and to study the luminescence from Si NPs that are 

embedded in HfO2 matrix. In this thesis work, the luminescence properties have been studied 

by using the in-house fluorescence spectrometer (model: Flourolog1427C-AU). For counting 

of the emitted photons, the standard R928P based photo multiplier was used. The light from 

the xenon lamp source is passed through the filter/monochromator to select desired wavelength 

for excitation of the sample. The collected photons are passed through the 

filter/monochromator before being detected by photomultiplier tube. The signal is further 
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processed, and output is given in either digital or analogue signal. The present equipment 

consists of a continuous wave Xenon lamp (450 W) as an excitation source. Using this 

instrument, liquid, pellet, thin film sample can be analyzed for the above-mentioned 

measurements. 
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Effects of Growth Parameters on HfO2 

Thin-Films Deposited by RF Magnetron 

Sputtering 

 

The main objective of the work presented in this chapter is to optimize the growth parameters 

for preparing good quality and reproducible films of HfO2 by RF magnetron sputtering method. 

A newly installed RF magnetron sputtering system is employed to accomplish this work. The 

effects of various growth parameters and thermal annealing are presented. Films optimized in 

this study were used for further studies presented in this thesis.  
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3.1. Introduction 

Thin film is nothing but a film having the thickness ranging from few atomic layers to several 

nanometers or micrometers [1]. Thin films have diverse applications in the modern world like 

microelectronics [2], optoelectronics [3], solar cells [4] and magnetism [5]. Researchers choose 

their material and substrates according to their application interests. Some of the applications 

depend on the surface of the thin films while some other applications depend on the interface 

properties. As we know, when the material transforms from bulk to thin film, the material 

characteristics and properties will change. The increased surface to volume ratio causes the 

variation in their properties.  

Now a days Researchers are using various methods to deposit the thin films. Researchers 

choose two distinct methods known as Physical Vapor Deposition (PVD) and chemical 

synthesis depending on material transport and film nucleation properties. In chemical synthesis 

method, material can be used either in solution or as gas form. Among few chemical synthesis 

deposition methods are, Atomic Layer Deposition (ALD) [6], Chemical Vapor Deposition 

(CVD) [7], sol-gel method [8], dip coating method [9] and spin coating methods [10]. Usually 

in these processes, material in a gas form or liquid form react with the substrate and forms the 

film, sometimes heating is necessary. Whereas in the case of physical deposition, material is in 

solid form. In this process, solid material transforms to atomic spices when subjected to the 

external power source. These atomic species travel through a distance from the source to 

substrate and get deposited by nucleation process. As the deposition time increases the 

nucleation process increases and leads to formation of continuous films of desired thickness. 

Thermal evaporation [11], and Direct Current (DC) sputtering methods are appropriate for 

depositing metals whereas Radio Frequency (RF) sputtering [12], e-beam evaporation [13] and 

Pulsed Laser Deposition (PLD) [14, 15] are useful for both insulator and metals.  

Among the several deposition techniques, RF/DC magnetron sputtering is the most commonly 

used technique to deposit thin films in laboratory. When an external RF/DC power is applied 

to the depositing material in low pressure gas atmosphere, then the plasma generated ions 

collide with the target material. Sputtering is generally performed in inert gas (like Ar) 

atmosphere. Reactive gases (like O) are also introduced when needed. Present work has been 

performed only in Ar atmosphere. The forceful collisions between the Ar ions and target 

material cause the ejection of the target atoms. The ejected atomic species travel through a 

distance randomly and get deposited on the substrate. More and more atoms condense and form 
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a uniform film on the substrate. The strong magnetic field confines the plasma and electrons to 

ensure more ionizations within the region of interest. RF Magnetron sputtering process is more 

frequently used to coat the HfO2 films for laboratory purposes, because of its good uniformity 

in the films, control in the film deposition, and more importantly ease of cost when compared 

to other systems for laboratory purposes. The Hafnium Oxide (HfO2) is a high-k dielectric 

material currently under consideration in microelectronics, storage devices, solar cell and 

optoelectronic applications [16-19]. Each of the applications of HfO2 films has been elaborately 

discussed in previous chapter. 

3.2. Experimental details 

HfO2 films were fabricated by using RF Magnetron sputtering method. These HfO2 films were 

deposited using a 2-inch diameter, 5 mm thickness, and 99.99 % pure commercially purchased 

HfO2 target. Silicon (Si) and Quartz substrates were used to deposit the HfO2 films to measure 

both structural and optical properties. All the substrates were cleaned ultrasonically in acetone, 

ethanol and deionized water for 5 minutes before deposition. Si substrates were pre-cleaned 

with a diluted HF (1:10) solution for 30 seconds to remove the native oxide on the surface. In 

the cleaning process, all the substrates were rinsed several times in Deionized Water (DIW) 

and dried with pure Ar gas to remove the water residuals. The pre-cleaned substrates were 

clamped to the substrate holder and immediately loaded into the sputtering chamber. Initially, 

the sputtering chamber was evacuated to a base pressure of 8×10-6 mbar. The deposition was 

performed using 99.99 % pure Argon (Ar) gas by allowing it into the deposition chamber. 

To establish the suitable deposition conditions and to get the good HfO2 films, a set of 

depositions were carried out by varying the deposition conditions like RF power, Ar pressure, 

annealing of the deposited films. Initially, a set of films were deposited by varying the RF 

power from 40 to 120 W with 20 W increment. Another set of samples deposited by varying 

the Ar pressure from 10 to 40 mtorr with 10 mtorr increment. Each of the deposition was carried 

for 90 minutes. The deposited films were studied by different characterization techniques. The 

thickness of deposited films were estimated by using profilometer, optical characterization 

(transmission spectra), Rutherford Backscattering spectroscopy (RBS) and cross-sectional 

Field Emission Scanning Electron Microscopy (FESEM) measurements. The deposition rate 

for each deposition was calculated by dividing the thickness (nm) with deposition time 

(minutes). 
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RBS measurements were performed using 2 MeV He2+ ions at a scattering angle of 165º. 

Calibration offset and energy per channel were estimated to be 96 keV and 0.961 keV/ch 

respectively, using a calibration sample (Au/SiO2), to simulate the RBS spectra. These RBS 

measurements were carried out at Inter University Accelerator Center (IUAC), New Delhi. 

SIMNRA-7.1 software [20] was used to analyze the RBS data. 

Bruker D8 Discover diffractometer equipped with Cu Kα (λ= 1.5405Å) was used to perform 

the Grazing Incident X-Ray Diffraction (GIXRD) measurement. GIXRD measurement are 

useful to estimate the phase and grain size of the film. The scan ranges were from 20º to 80º of 

2θ and glancing angle was 4º. The grain size of the films was calculated by using the well-

known Scherrer’s formula as given by [21]. 

 𝑑 =
0.9𝜆

β𝑐𝑜𝑠Ɵ
                                  (3.1) 

where λ is the wavelength of X-rays (Cu Kα radiation, λ = 1.5405 Å), β is the full width at 

half-maximum of the XRD peak and θ is the Bragg diffraction angle. 

The optical characterization of the films deposited on quartz substrates were carried out by 

using UV-Vis-NIR spectroscopy. Transmittance measurements were performed in the 

wavelength range of 190–2000 nm using JASCO V-570 Photo Spectrometer. The optical 

properties of the films were calculated by using envelope method [22]. The same formulas used 

in envelope method scripted in MATLAB program used to fit the spectra. The refractive index 

of the films is derived from the equations given below [23].  

𝑁 = 2𝑠
𝑇𝑀− 𝑇𝑚

𝑇𝑀. 𝑇𝑚
+  

𝑆2+1

2
                           (3.2) 

n = √(N + √(N2 +S2))              (3.3) 

where n is the refractive index of the material, s is the substrate refractive index, 𝑇𝑀, 𝑇𝑚are the 

two adjacent maxima’s Thickness of the films is calculated from the transmittance spectra by 

following equation 

𝑡 =
𝜆1.  𝜆2

2(𝜆2𝑛1−𝜆1𝑛2)
                                  (3.4) 

where t is the thickness of the film, 𝜆1, 𝜆2 are the wavelengths of the two-adjacent consecutive 

maxima or minima. 𝑛1, 𝑛2 are the refractive indices at adjacent maxima/ minima wavelets. The 
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bandgap of the films was calculated by using Tauc’s law [24], which is derived from the 

transmittance spectra. The relevant equation is as follows: 

(αhν) = B*(hν - Eg)
p      (3.5) 

where, α is the absorbance, which is derived from the transmittance spectra, hν is the photon 

energy, Eg is the bandgap of the material, B is the parameter of the absorption edge width. The 

exponent p can be determined by the type of the electronic transition. Here the superscript p 

value varies from 1/2 and 2 depending on the type of indirect allowed, and direct allowed 

transition respectively. HfO2 is an indirect bandgap material, hence ‘n’ value is equal to 0.5. 

FE-SEM: Carl ZEISS, FEG, ultra-55 was used to scan the surface morphology evolved grains 

and to measure the film thickness from the cross-sectional image. The deposited HfO2 films 

have been studied using 5 kV Extra High Tension (EHT) electron gun at different 

magnification levels. PL measurements were performed using Fluorolog, Xenon lamp, 450 W, 

having a resolution of 0.3 nm. PL measurement is very useful to estimate the defects states 

formed in the films. Each of the films was excited with 300 nm wavelength and the emission 

was measured in the range of 315 to 700 nm.  

3.3. Results and discussion 

3.3.1. Variation of deposition power 

As discussed in the above experimental section: initially, HfO2 films were deposited on Si and 

quartz substrates at various deposition powers. The properties of the film, such as film 

thickness, morphology and quality have been studied in detail. The RF power was varied from 

40 to 120 W in the interval of 20 W. We have chosen the 10 mtorr of deposition pressure to 

deposit these films. The thickness of the HfO2 films has been estimated using various suitable 

methods as discussed in the experimental section. The values of the estimated thickness of the 

films from various methods have been tabulated in Table-3.1. The power density (W/cm2) was 

calculated by dividing the RF power with the HfO2 target area which is 19.6 cm2. The growth 

rate has been calculated for the individual deposition powers by dividing the estimated 

thickness (Profilometer) with deposition time in minutes. From the observation, at lower RF 

power densities such as 2 W/cm2, the coated film thickness was less, and growth rate was very 

low (0.4 nm/min). While increasing the power density, the film thickness and deposition rates 

increased linearly. This could be due to the increase in Ar ion flux which is proportional to the 

RF power density. The increase of Ar ion flux can increase the sputter rate and generate more 



Chapter 3 

51 
 

species. Hence the deposition rate or film thickness increase with RF power density. Higher 

deposition rates may not ensure the proper density of films, grin size, shape and stoichiometry 

of the films. 

Table-3.1: HfO2 films with deposition power, film thickness, and growth rates. 

Deposition 

Power 

(Watt) 

Power 

Density 

(W/cm2) 

Profilometer 

Thickness 

(nm) 

Optical 

Thickness 

(nm) 

RBS 

(nm) 

Growth 

Rate 

(nm/min) 

40 2 35 35* -- 0.4 

60 3 79 79* 86 0.9 

80 4 134 151 106 1.5 

100 5 196 230 191 2.2 

120 6 287 310 276 3.1 

       *- Profilometer values are used for bandgap calculations. 

 

 

Fig-3.1: The RBS spectra and simulation spectra of the films deposited at different powers of 

HfO2 (exp stands for experimental curve and sim stands for simulated curve). 
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The RBS spectra and their individual simulations of films deposited at various RF powers 

shown in Fig-3.1. Calibration offset, energy per channel were estimated to be 96.47 keV and 

0.96 keV/ch respectively by using a calibration (Au/Glass) sample. These values were used to 

simulate the spectra. The peak showing at 1800 channel number represents the Hf peak and a 

small hump at 650 channel number showing ‘O’ peak. The areal densities of the films are 

calculated by simulating the spectra using SIMNRA program [20]. The physical thickness of 

the film is calculated by dividing it with the areal density of bulk HfO2 which is 8.4 atoms/cm3. 

Estimated areal densities from the simulations are 713, 879, 1585 and 2290×1015 atoms/cm2 

with respect to the deposition power densities 2, 3, 4, 5, and 6 W/cm2 respectively. The physical 

thickness of the film for the above mentioned areal densities is tabulated in Table-3.1. The 

stoichiometry of the film Hf0.27O0.73 was obtained from the RBS measurement after simulation. 

The chemically active oxygen reacts with the Si substrate and can form HfSiOx interface layer 

while depositing the films. The interface layer thickness is increased with increase in thickness 

of the film noticed from the RBS measurement. The interface layer thickness was varied from 

4 to 10 nm with increasing power density. The interface layer thickness depends on the 

interdiffusion of ‘O’ atoms from the grain boundaries [25]. 

 

Fig-3.2: GIXRD spectra for various deposition powers HfO2 films. 
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The GIXRD diffraction patterns of the HfO2 films deposited with different RF power densities 

are shown in Fig-3.2. It is observed that the films deposited at lower RF power densities are of 

amorphous nature leaving no observable diffraction peaks. Whereas the films deposited at 

higher RF power densities show polycrystallinity nature. The RF power densities 2, 3 W/cm2 

almost shown amorphous nature. The small humps in diffraction patterns started at 4 W/cm2 

power density and for 5, 6 W/cm2 clearly showed sharp and intense diffraction peaks. All the 

diffraction patterns of the film belong to the monoclinic phase of the HfO2, which are well 

matching with the standard JCPDS file [PDF# 06-0318]. The evolved diffraction peaks at 2θ 

of 24.16º, 31.34º, and 34.30º corresponding to the HfO2 (011), (111), (020) crystal plans 

respectively. The grain size was calculated from the Eq-3.1 as mentioned in the experimental 

section. The calculated grain size was around 47 nm for the highest power density of 6 W/cm2. 

The exhibiting polycrystalline nature at higher RF power density leads to inference that the 

highly energized inert Ar ions provide translational kinetic energy to the adatoms, that can 

change the film density, and crystallinity [26]. The agglomeration of smaller grains coalesces 

together resulting in the larger grains formation with better crystallinity [27]. 

 

Fig-3.3: The optical properties of RF power density varied HfO2 films: a) transmittance 

spectra, b) fitting of transmittance spectra for 6 W/cm2 power. 

HfO2 films deposited on quartz substrates were characterized by UV-Vis-NIR spectroscopy. 

HfO2 is a wide bandgap material of about 5.7 eV and almost transparent from near UV to far 

IR region. The transmission spectra of HfO2 films deposited with various RF powers  is shown 

in Fig-3.3(a). The preliminary observation is that the transmittance exhibits overall 80 to 90 % 

of transparency. Lower RF power density deposited film shows the lower transparency about 
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80 to 82 % in the overall wavelength range and films deposited at higher RF power density 

show increased transparency about 90 %. The oscillations in the spectra are due to interference 

and these fringes increase with the increase in thickness. Each of the transmission spectra is 

simulated using envelope method formulas scripted in MATLAB program as discussed in the 

experimental section. The simulated 6 W/cm2 spectra is shown in Fig-3.3(b). The estimated 

optical thickness from the simulations have been tabulated in Table-3.1. 

 

Fig-3.4: The optical properties of RF power density varied HfO2 films: a) bandgap 

calculations and b) refractive index calculations. 

The bandgap and Refractive Index (RI) estimated from the simulations are shown in Fig-3.4 

(a-b). HfO2 is an indirect bandgap material, hence ‘n’ value equal to 0.5. The plots between 

(α.hν)0.5 vs (hν) are shown in Fig-3.4(a). The extrapolated linear portion gives the bandgap 

value of the HfO2 film. The RI, n, is a graded function of the material, that depends on the 

incident wavelength [28, 29]. The bandgap of the HfO2 films are estimated to be 4.4 eV, 4.5 

eV, 5.1 eV, 5.3 eV, and 4.7 eV respectively for 2, 3, 4, 5, and 6 W/cm2 power densities. The 

RI of the films is shown in Fig-3.4(b). On an average the RI of the films varied between 1.7 to 

1.8. It is well known that the RI depends on the density of the material [30]. The loosely packed 

grains and density variations might cause the observed change in RI values. The variation of 

bandgap values and RI values with the RF power might be due to variation of film properties 

like defects creation, density variations in the films [31]. Here it is important to know that the 

nucleation and growth kinetics critically depend on the morphology and other properties of 

substrates. Hence the quantitative comparisons between film deposited on Si and quartz may 

not be appropriate. However, this study gives rough idea about the possible bandgap and other 
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optical properties. These values are not actually used for any other calculations in this thesis. 

Films deposited on Si and TEM grids are used for further studies.  

FESEM images for HfO2 films grown with varying RF power density are shown in Fig-3.5. 

FESEM technique is very useful to understand the surface morphology, grain size and quality 

of the film. With increase in RF power density, the overall grain size increases from 15 nm to 

50 nm. Films deposited at 3 W/cm2 shows uniform film distribution and having a grain size 

around 15-18 nm as shown in Fig-3.5(a). At 4 W/cm2, the grain size was around 22-25 nm and 

smaller grain agglomeration is evident as shown in Fig-3.5 (b). Further increase of power 

density to 5 W/cm2 led to flak-like grains formation, and the grain size increases further to 30 

nm as shown in Fig-3.5 (c). At this stage each of the bigger grain is a combination of smaller 

crystallites as evident from the SEM images and grains are in irregular shape. At highest power 

density of 6 W/cm2, these irregular grain growth and flake-like structures were evident as 

shown in Fig-3.5 (d). At this stage, the grain size was around 45-50 nm (along axis), The flake-

like structure is possible at higher deposition rates and tends to localize surface free energy 

leading to higher nucleation rates [32]. Some reports suggest that, film structure with fibrous 

grains appear at high sputtering powers as the highly energized inert Ar ions can provide 

translational kinetic energy to the adatoms [33]. 

 

Fig-3.5: FESEM images of HfO2 films deposited at various RF power densities: a) 3 W/cm2, 

b) 4 W/cm2, c) 5 W/cm2, and d) 6 W/cm2. 
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The PL spectra of the HfO2 films deposited at various RF power densities are shown in Fig-3.6 

(a-d). The excitation energy was 3.5 eV which is less than the bandgap of the HfO2 (5.7 eV). 

Hence the observed emission can be attributed to defect induced mid-bandgap states. A 

preliminary observation suggests that, the intensity of the PL peak increases with deposition 

power density which might be due to increase of film thickness. The PL spectra are relatively 

broad emission from 2.4 eV to 3.8 eV. The films deposited at 2, 3, and 4 W/cm2 show almost 

similar kind of spectra except a minor change in intensity.  For 6 W/cm2 RF power density, 

emission spectrum shows peaks at 2.9 eV and 3.3 eV. After deconvolution using peak fitting 

program, each of the broad peak yielded new peaks at 2.4, 2.5, 2.9, 3.4 and 3.5 eV. Previous 

reports suggest that the observed PL is due to shallow and deep level oxygen related defect 

states or F-centers [33, 34]. 

 

Fig-3.6: The Photoluminescence spectra HfO2 films deposited at various RF power densities: 

a) 3 W/cm2, b) 4 W/cm2, c) 5 W/cm2, and d) 6 W/cm2. 

3.3.2. Dependence on deposition pressure: 

In this section, we have deposited the HfO2 films on Si and Quartz substrates by varying the 

deposition pressure. During these depositions, the sputtering power was maintained at 60 W 

which is optimized from the above conditions. The deposition pressure was varied from 10 to 
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40 mtorr individually for each deposition. Each of the deposition was carried out for 90 minutes 

at room temperature. The estimated and calculated film thickness from various measurements 

have been tabulated in Table-3.2. The quality of the film, grain size, porosity, thickness and 

optical properties of the films strongly depend on the stoichiometry of the films which 

indirectly depend on the deposition pressure [35, 36]. According to preliminary investigations, 

the deposition rate is highest for 10 mtorr which is 0.9 which decreases drastically with increase 

of deposition pressure. This could be due to an increase of collision frequency between the 

sputtered species and Ar ions. This decrease of deposition rate with the increase of deposition 

pressure is due to the decrease in the mean free path of sputter species [37].  

Table-2: Thickness of the HfO2 film deposited at different Ar pressure. 

Deposition 

Pressure 

(mtorr) 

Profilometer 

Thickness 

(nm) 

RBS 

(nm) 

Growth 

Rate 

(nm/min) 

10 89 85 0.9 

20 61 -- 0.7 

30 46 43 0.6 

40 27 21 0.3 

 

The RBS spectra of thin films for varying deposition pressure and their simulations are shown 

in Fig-3.7. The intense peak at 1800 channel number belongs to the ‘Hf’ peak and small hump 

at channel number 620 belongs to the ‘O’ peak. The intensity of the Hf peak decrease with 

increase of the deposition pressure was noticed. The stoichiometry of Hf varies from 27% to 

29% with the variation of deposition pressure, which are more are less equal within the 

experimental limits. The calculated areal densities are 721, 361 and 175×1015 atoms/cm2 for 

the deposition pressures of 10, 30 and 40 mtorr respectively. The physical thickness of the films 

is calculated by dividing it with the areal density of bulk HfO2 which is 8.4 atoms/cm3. The 

calculated physical thickness from the areal densities have been tabulated in Table-3.2. 



Chapter 3 

58 
 

 

Fig-3.7: The RBS spectra and their simulation spectra of the deposition pressure varied HfO2 

thin films (exp stands for experimental curve and sim stands for simulated curve). 

The surface morphology of the films is studied by FESEM images shown in Fig-3.8 (a-d). At 

lowest deposition pressure of 10 mtorr, the average grain size was around 16 nm as shown in 

Fig-3.8(a). At this pressure morphology of the film shows closely packed continuous grain 

structure and uniformity in the film. Further increase of the deposition pressure to 20 mtorr, 

leads to uniform and smaller grains (around 14 nm). In this case, the grain to grain separation 

increases when compared to 10 mtorr sample. Whereas in the case of 30 mtorr, the grain size 

dicreases further to around 10 nm and grain to grain saparation is large. At highest deposition 

pressure of 40 mtorr, the voids between the grains increases further and grain size was same as 

above. Collision between the sputter species and Ar ions reduces the sputter species mobility 

and deposition rate [38]. While grain formation is in progress, if the diffusion length is larger 

than the grain size, adatoms diffuse through the grains and form continuous and void free films 

which is found to be inversely proportional to the deposition pressure [39]. This might be due 

to the decrease of adatoms diffusion length, which is also inversely propotional to the Ar 

pressure [40, 41]. 
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Fig-3.8: FESEM images of HfO2 films deposited at various deposition pressure: a) 10 mtorr, 

b) 20 mtorr, c) 30 mtorr, and d) 40 mtorr respectively. 

UV-Vis-NIR spectroscopy was performed on HfO2 films deposited on quartz substrates to 

investigate the optical properties. The transmission spectra is shown in Fig-3.9(a) and 

simulation of transmittance spectra for 10 mtorr is shown in Fig-3.9(b). The bandgap of the 

HfO2 films is extracted from the well-known Tauc’s relation as discussed in the experimental 

section. The extracted bandgap of the HfO2 films for varying pressures is shown in Fig-3.10. 

The bandgap of the films varies between 5.3 eV to 4.9 eV. This variation might be due to the 

change in porosity in the films. The increase in voids and variation in film density affects the 

bandgap as well as RI of the films. Once again it is important to note that the films deposited 

on quartz are used for qualitative information for optimization only. These samples are not 

used for further studies in this thesis.  



Chapter 3 

60 
 

 

Fig-3.9: The optical properties of Ar pressure varied HfO2 films: a) transmittance spectra, b) 

fitting of transmittance spectra for 10 mtorr. 

 

Fig-3.10: The optical bandgap spectra of pressured varied HfO2 thin films. 

3.3.1. Oxidization of the HfO2 films  

From the above-optimized deposition conditions of RF magnetron sputtering system, the HfO2 

films were deposited at 60 W RF power (3 W/cm2) and 10 mtorr deposition pressure. The 

deposition was carried out for 90 minutes. These films were deposited on both Si and quartz 

substrates to investigate the structural and optical properties. The estimated thickness of the 

deposited film for similar deposition parameters employed previously was around 100 nm. The 

thickness of the deposited films was cross-checked by using the profilometer and cross 

sectional-FESEM measurements, which agree with the estimated one (nominal value). 
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HfO2 films on Si and quartz substrates were annealed from 100 ºC to 600 ºC with an interval 

of 100 ºC for 1 hour in O2 atmosphere. These films were annealed in the furnace shown in Fig-

3.11. As-deposited films are non-stoichiometric with suboxide films at the interface. After 

annealing, the “O” atoms diffuse into the film and fill the oxygen defected states.    

 

Fig-3.11: Furnace used for annealing of the films. 

GIXRD spectra of annealed HfO2 films is shown in Fig-3.12. Pristine and annealed up to 300 

ºC films show amorphous nature. Nucleation of crystallization can be seen for the films 

annealed at 400 ºC. Subsequent annealing (500 ºC and 600 ºC) clearly shows grain growth. The 

diffraction pattern matches with the standard JCPDS file [PDF# 06-0318] having monoclinic 

phase of P21/c space group. The peaks at 2θ=24.4º, 28.5º, 31.71º and 34.7º belong to the 

diffraction planes (011), (-111), (111) and (020) respectively. The intensity of the (-111) 

diffraction peak increases with the increase in annealing temperature. When the films got 

transformed from amorphous to crystalline, the plane (-111) exhibit lowest surface free energy. 

With increasing temperature, the dominant peak (-111) shifts slightly to lower angles. This 

indicates the strain relaxation and lattice expansion in the films due to annealing. The decrease 

of FWHM indicates the increase in grain size. The average grain size slightly increases from 

18 to 21 nm, when annealing temperature increases from 500 to 600 ºC. 

The FE-SEM images of the annealed HfO2 films at different oxidization temperatures are 

shown in Fig-3.13. In general, films deposited at room temperature exhibit the amorphous 

nature. The surface morphology of annealed films show a uniform distribution of spherical 

grains and these results are consistent with those presented in previous sections. With the 
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increase of annealing temperature from 100 ºC to 600 ºC, the film quality improves. It is evident 

that the grain size increases with increase in annealing temperature. Initially, grain size was 

around 16 nm in as-grown films and with further increase of temperature, the grain size 

increases to 21 nm. This could be due to the diffusion of surrounding HfO2 molecules into one 

another resulting in the increase of grain size. 

 

Fig-3.12: GIXRD spectra of annealed HfO2 thin films. 

 

Fig-3.13: The FESEM images of annealed films a) pristine, b) 400 ºC, c) 500 ºC, and d) 600 ºC.  
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Fig-3.14: a) the transmission spectra of annealed HfO2 films and b) bandgap calculations 

from the transmission spectra of various annealed films. 

The transmittance spectra and bandgap calculations of the annealed HfO2 deposited on quartz 

are shown in Fig-3.14. With increase in the annealing temperature, the transmittance of the 

films increases from 84 to 88%. The plotted bandgap of the annealed films was calculated using 

Taulc’s relation equation 3.5 [20]. The pristine film shows the bandgap of 5.3 eV and it agrees 

with the amorphous HfO2 film, which exhibits highest bandgap 5.7 eV. After annealing, the 

bandgap of the films slightly decreases from 5.3 eV to 5.0 eV for 400 ºC and 500 ºC, but for 

films annealed at 600 ºC shows 5.2 eV. The continuous amorphous grain network turning to 

polycrystals causes the initial observed bandgap reduction, but further annealing improves the 

monoclinic structure which causes subsequent bandgap increase. However, compared to 

amorphous films bandgap value, the monoclinic bandgap is less. This is because naturally 

amorphous films are of highest band gap values. 

3.4 Conclusions 

In summary, HfO2 films were prepared by RF magnetron sputtering method at various 

deposition conditions like deposition power, pressure and of different annealing temperatures. 

All the samples were characterized and investigated by several techniques. The thickness of 

the films increases linearly with RF power. Films deposited at low RF power show regular 

grain growth and films deposited at high RF power show irregular grain growth. From these 

observations, moderate RF powers like 60, and 80 W are suitable for practical applications. 

The HfO2 film thickness decreases with increase in deposition pressure. The grain size 

decreases and porosity of the film increases with the increase in the deposition pressure. From 

the above conditions, 10 mtorr deposition pressure and 60 W of RF is found to be suitable for 
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growing good HfO2 films. Annealed HfO2 films show amorphous phase at room temperature 

and 400 ºC, and further annealing leads to the monoclinic phase transformation. In the 

monoclinic phase stabilized films, the transition grain growth and improved film quality were 

observed. HfO2 films deposited at room temperature on Si and TEM grids were used for further 

studies in this thesis. 
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SHI Induced Crystallization and Phase 

Transformation in HfO2 Thin-films 

Deposited by RF Magnetron Sputtering  
 

This chapter presents a study on Swift Heavy Ion (SHI) irradiation induced crystallization and 

grain growth of HfO2 nanoparticles within the HfO2 thin-films deposited by Radio Frequency 

magnetron sputtering method. Various characterization techniques have been employed to 

study ion irradiation induced structural modifications to the films. As grown films consisted of 

amorphous clusters of non-spherical HfO2 NPs. After irradiation these nano-clusters were 

transformed to crystalline grains. These crystallites are found to be spherical in shape and are 

well dispersed within the films. The average size of these crystallites is found to increase with 

fluence. The photo luminescence data indicated the presence of oxygen related defects in 

pristine and irradiated samples and rearrangement of defects after irradiation. The SHI 

irradiation induced crystallization and grain growth are explained within the framework of 

thermal spike model.  
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4.1 Introduction 

As discussed in the previous chapters, the replacement of SiO2 by HfO2 as gate dielectric in 

modern integrated circuit technology has stimulated significant interest in HfO2 [1-3]. Many 

properties of HfO2, including its stability on Si surface need thorough investigation [4, 5]. 

Further, it is important to study the sensitivity of this material to ion and other forms of 

irradiation. This information is critical for employing HfO2 based electronic devices in space 

and other radiation harsh environments. Ion beams can be used to simulate radiation 

environment in laboratory at shorter time intervals in controlled manner [6, 7]. These 

experiments will also enable us to elucidate the basic physics governing ion-solid interactions 

as well as to tune material properties with spatial selectivity. The main objective of the 

experiments presented in this chapter is to investigate the effects of huge electronic excitations 

produced by swift heavy ions (SHI) in thin HfO2 films on their structural properties. It is shown 

that the initial state of material plays a critical role in determining the effects of SHI irradiation 

[8].  

Hafnium oxide finds several applications in various fields owing to its superior thermal, optical 

and electrical properties. High temperature sustainable and corrosion resistant materials like 

HfO2, HfB2 and HfN are essential for the development of advanced technologies required for 

hypersonic vehicles, hydrodynamic propellers and space shuttles etc. [9-11]. In recent years, 

with rapidly evolving complimentary MOS (CMOS) technology, there has been a detailed 

search for good alternate high dielectric constant (high-k) materials. HfO2 has been identified 

as an appropriate gate dielectric to meet the demands required to uphold the Moore’s law. 

Hence a great deal of attention has been devoted to HfO2, in view of its high dielectric constant 

(~ 25), acceptable band-offsets with Si and reasonably good thermal stability on the surface of 

Si [12].  

Moreover, the downscaling of HfO2 films to nano-dimensions would further extend its 

applicability to nano-electronics, optoelectronic devices and sensors [13]. It is also important 

to note that HfO2 is a bio-compatible material and finds many applications in bio-sensors. It 

was shown that the Si nanowires coupled with HfO2 are highly sensitive to detect small nucleic 

acid oligomers [14]. Ultrathin self-standing membranes of porous HfO2 have been employed 

to detect single and double stretched DNAs. Owing to the bio-inertness of HfO2, the 

nanoparticles (NPs) of HfO2 have been used as active materials for fabricating several 
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biosensors [15]. HfO2 NPs based cancer therapy employs crystalline HfO2 NPs to improve the 

targeted radiation dose within tumor tissues without much damage to healthy tissues [16].  

As mentioned above, the main objective of the studies presented in this chapter is to investigate 

the growth and SHI irradiation induced modifications of thin-films consisting of HfO2 

nanoparticles. There are several reports on the fabrication of HfO2 nanoparticles: Oil/Water 

interface approach [17], Microwave hydrothermal technique [18, 19], chemical synthesis 

methods [20] (including precipitation and sol-gel methods [21-22]) and ultra-fast Laser 

ablation [23] have been widely employed to fabricate nanoparticles and nanostructures of 

HfO2. Here we prepare thin-films of HfO2 by using Radio Frequency (RF) magnetron 

sputtering method in Ar atmosphere. The formation of NPs is expected to critically depend on 

growth parameters like RF power, Ar - pressure, target to substrate distance and post-growth 

treatments like thermal annealing and ion irradiation. Collisions between thermalized Hf and 

O atoms can lead to the formation of molecular phases in the process chamber during 

deposition. This process governs the formation of molecular phases and their transport through 

diffusion [24].  Toledano-Luque et. al. [25] and Znamenski et al. [26] reported similar 

dependency in NPs formation of other materials using RF magnetron sputtering technique. Our 

previous investigations suggested enhanced inter-diffusion of constituent elements across 

Hf/SiO2 and Hf/Si interfaces under SHI irradiation [27-29].  

In the present study, we investigate SHI irradiation induced crystallization and grain growth in 

HfO2 thin-films as a function of ion fluence. The observed phase changes during SHI 

irradiation provide valuable information for the reliability and tunability of HfO2 based Phase 

Change Resistive Random-Access Memory (PCRRAM) devices [30-32]. Further, the study is 

also focused at some important fundamental aspects of SHI irradiation induced modification 

of nano-particles in general and nano-particles of technologically important hafnium based 

high-k dielectric materials in particular. There are few reports in the literature on SHI-

irradiation induced ordering and improvement in crystallinity of several nanostructures, some 

polymers and thin- films under [33-37]. However, to the best of our knowledge, there are no 

reports on the effects of SHI irradiation on HfO2 thin films prepared by RF Magnetron 

sputtering method. 
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4.2 Experimental details 

4.2.1 Sample preparation: 

Hafnium Oxide thin films were deposited by using RF Magnetron sputtering method. These 

depositions have been carriedout by using a commercially available 2-inch diameter, 3 mm 

thick and 99.99 % pure HfO2 sputter target. The films were grown on Boron doped p-type Si 

(100) wafers of 1 -10 Ω-cm resistivity and 200 mesh Carbon coated Copper TEM grids. The 

Si substrates were cleaned ultrasonically in acetone, isopropyl alcohol and DI water. TEM grids 

were placed on pre-cleaned glass slides. The edges of the TEM grids were covered with glass 

cover slips which were stuck on a glass slide using carbon tape without touching the TEM 

grids. The TEM grid containing glass slides and Si substrates were clamped to the substrate 

holder directly before loading them in the sputtering chamber as shown in schematic diagram 

of Fig-4.1. A standard RF frequency of 13.56 MHz was used in this deposition work. Initially, 

the sputtering chamber was evacuated to a base pressure of 8×10-6 mbar. Then Ar gas of purity 

99.99 % was introduced into the chamber using a Mass Flow Controller (MFC). The 

depositions were carried out at a pressure of 2.4×10-3 mbar. The target to substrate distance and 

deposition power were maintained at 12.5 cm and 60 W respectively. While depositing the 

films, the substrate holder was set to rotation at a speed of 10 rpm for uniformity, and the 

depositions were carriedout for 10 minutes. The average thickness of deposited films was 

estimated to be around 10-15 nm by employing Ambios XP 200 Profilometer. 

 

Fig-4.1: Block diagram showing i) the target and substrate configuration within the sputtering 

chamber (on left side) and ii) substrate holder with a map of loaded substrates (on right-side).  
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4.2.2 Swift Heavy Ion Irradiation Details 

HfO2 thin-films grown on both Si substrates and TEM grids have been irradiated by 100 MeV 

Ag ions to different fluences using a 15 MV Tandom Pelletron accelerator at IUAC, New Delhi. 

Glass slides containing the TEM grids were loaded as such in the irradiation chamber without 

disturbing the TEM grids. Silver paste was used to electrically connect both TEM grids and Si 

substrates to target ladder for measuring beam current. This connection is also essential to 

remove excess charges produced during irradiation. The ion range (R), electronic energy loss 

(Se) and nuclear energy loss (Sn) of incident 100 MeV Ag ions in HfO2 were estimated to be 

7.74 µm, 23.2 keV/nm and 0.15 keV/nm respectively. A standard and well-known simulation 

software: Stopping and Range of Ions in Matter (SRIM-2013) [38] has been employed to 

estimate above parameters. The ion beam was scanned over 1 cm x 1 cm of the sample area at 

a constant beam current of 1 particle nano-Ampere (pnA). Low beam current helps avoiding 

beam heating effects and constant current ensures uniform irradiation over the sample surface. 

Hence, the irradiation fluence is directly proportional to the scanning time and the relation 

between the fluence and time is given by Eq-4.1. The two sets of samples were irradiated at 

three different fluences by varying the irradiation time and the details are given in Table-4.1. 

The schematics of irradiation is shown in Fig4.2. The irradiation area and beam current were 

constant, so the irradiation fluence was directly proportional to scanning time of irradiation. 

 𝑡𝑖𝑚𝑒 (𝑠𝑒𝑐) =
𝐹𝑙𝑢𝑒𝑛𝑐𝑒 ×𝐴𝑟𝑒𝑎 

6.25×1012 ×𝐼𝑜𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝑝𝑛𝐴)
              (4.1) 

where time is in seconds, fluence is in ions/cm2 and current is in Nano Amperes (nA) or particle 

Nano Amperes (pnA). The pre-calculated time was used to irradiate the films with different 

fluence. Fig-4.3 shows the depth dependence of Electronic energy loss (Se) and Nuclear energy  

 

Fig-4.2: The schematics of the ion irradiation of HfO2 films. 



Chapter 4 

72 
 

 

Table 4.1: Sample details, ion energy, irradiation and SRIM Calculation details. 

Sample 

Type 
Irradiation 

Fluence 

(ions/cm2) 

Ion 

Energy 

(MeV) 

Average stopping power 

(within the HfO2 film (~20 nm)) 

Set-A 

(~10-15 nm) 

Electronic (Se) 

(keV/nm) 

Nuclear (Sn) 

(keV/nm) 

HfO2/Si-1 Pristine 

Ag7+ 

100 

MeV 

23.2 0.15 

HfO2/Si-2 3 x 1012 

HfO2/Si-3 1 x 1013 

HfO2/Si-4 3 x 1013 

 

loss (Sn), as estimated by SRIM, in HfO2. Se is very much large compare to Sn within the film 

(shown in Fig-4.3 by shaded region). Hence the effects of electronic excitations induced by 

SHI irradiation are more significant when compared to the nuclear displacements due to elastic 

collisions. It is also important to note that the Se is more or less uniform with in the region of 

interest (thin-films). Hence the value of Se obtained at surface can be used in the analysis.  

 

Fig-4.3: The depth dependence of electronic and nuclear energy loss of 100 MeV Ag in HfO2 

as estimated by SRIM (Shaded area shows the region of interest, i.e the thickness of thin-film 

under study). 
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The films deposited on TEM grids were investigated by High Resolution Transmission 

Electron Microscopy (HRTEM) and Selected Area Electron Diffraction (SAED) using a TEM 

– FEI Tecnai, equipped with a thermo-ionic electron gun working at 200 kV. The pristine and 

irradiated samples were characterized by Grazing Incident X-Ray Diffraction (GIXRD) 

measurements using Bruker D8 Advance diffractometer with Cu Kα source (λ = 0.154 nm) at 

an incident angle of 4º. Photo Luminescence (PL) measurements were performed using 

Fluorolog, Xenon lamp, 450 W, having resolution: 0.3 nm. Field Emission Scanning Electron 

Microscope measurement performed using FE-SEM: Carl ZEISS, FEG, ultra-55 instrument.  

4.3 Results and discussions 

4.3.1 Synthesis and characterization of as deposited samples 

This section describes the preparation and characterization of samples that are used in this 

study. The grain size, shape, composition and crystal structure of the samples have been 

investigated by employing structural characterization techniques like FESEM, TEM, SAED 

and GIXRD. Fig-4.4(a) shows the TEM micrograph of pristine HfO2 films that are deposited 

on TEM grids. It is evident from this image that the films are made of nano-size grains with 

poorly defined boundaries. The average grain size is estimated to be about 20 nm. The surface 

of the HfO2 films deposited in Si substrates (in same run) is examined by the FESEM analysis.   

FESEM image show in Fig-4.4(b) also confirms the formation of grains of size about 20 nm. 

Nano-cluster formation is observed on both TEM grinds and Si substrates, although the 

nucleation and growth kinetics are expected to be different on different surfaces. Only 

qualitative analysis is presented as far as the comparison between films deposited on different 

substrates is concerned. Further magnification revealed the fact that each grain is again an 

agglomeration of nano clusters of size about 2-3 nm. We focus our attention on these nano 

grains. The clusters are fund to be amorphous in nature and are of non-spherical in shape as 

shown in HRTEM image presented in Fig-4.5(a). The size distribution can be analyzed by the 

histogram shown in Fig-4.5(b). As mentioned above the average size is estimated to be about 

2.6 nm. The same pristine HfO2 thin-films deposited on Si substrates, were characterized by 

GIXRD measurements. The diffraction pattern shown in Fig-4.5(c) confirms that the as grown 

HfO2 films are amorphous and these results are consistent with the TEM results. The PL 

measurements were performed on HfO2 films deposited on Si substrates and the luminescence 

spectra are shown in Fig-4.5(d).  
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Fig-4.4: a) TEM image on TEM grids and b) FE-SEM image on Si substrate of HfO2 thin films. 

 

Fig-4.5: Characterization of pure HfO2 films a) HR-TEM image on HfO2 film (inset shows 

the SAED pattern), b) histogram image shows the average NPs size distribution, c) GIXRD 

spectra of as deposited film on Si substrate and d) photoluminescence spectra of HfO2 thin 

films on Si substrate. 
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The excitation energy is chosen to be 3.8 eV, which is less than the band-gap of HfO2, to 

monitor the midgap / defect states in these films. The peaks in the luminescence spectrum of 

as grown films are de-convoluted using Peak fit program to identify the defects in these films. 

Pristine samples exhibit three peaks at 2.6, 2.8 eV and 3.0 eV as shown in Fig. 4.5(d). It is well-

known from the previous reports that the PL originates in HfO2 from deep level defects due to 

Oxygen vacancies and interstitial states [39]. 

Some of the HfO2 films deposited on Si substrates were annealed from 100 ºC to 500 ºC in the 

intervals of 100 ºC in the O2. The annealing of  all the films was carried out for 45 minutes. 

The GIXRD measurements were performed on all these pristine and annealed films and 

patterns shown in Fig-4.6. The pristine and annealed HfO2 films (upto 400 ºC) show amorphous 

nature while the HfO2 films annealed at 500 ºC show polycrystalline phase. This will give the 

basic information of annealing effect on HfO2 thin films. All the observed peaks after annealing 

correspond to the monoclinic phase of HfO2 and matching with the JCPDS file [PDF# 06-

0318]. In Fig-4.9 the peaks at 2θ of 24.3º, 28.2º, 31.5º, 34.6º, and 35.5º belongs to the planes 

of (110), (-111), (111), (020) and (200) respectively. The grain size was calculated from the 

above mentioned Scherrer’s formula in equation 4.1. The observed grain size for the film 

annealed at 500 C was around 7 nm. 

 

Fig- 4.6:  GIXRD patterns of the annealed and un-annealed HfO2 thin films. 
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Fig- 4.7:  HRTEM images of the HfO2 film on Si substrate annealed at 500 º (inset shows the 

scratched HfO2 thin flakes on TEM grid). 

HfO2 films on Si substrates annealed at 500 ºC were scratched and dropped on TEM grids for 

TEM measurements. The HR-TEM image is shown in Fig-4.7. TEM images revealed the 

formation of crystalline HfO2 nano grains/ particles. The size of each of the nano grain was 

around 3-5 nm. This result is in good agreement with the GIXRD data.  

4.3.2 SHI induced phase transformations 

a) Electron microscopy and diffraction  

Films deposited on TEM grids and Si substrates were subjected to 100 MeV Ag ion irradiation 

under same conditions in same run. After SHI irradiation, the nanoparticles tend to acquire 

spherical shape. The average particle size is found to increase with fluence as shown in Table-

4.2. Initially, the average size of  HfO2 nano clusters was around 2.6 nm. After irradiation the 

HfO2 NPs sizes were estimated to be 2.8 nm, 3.6 nm and 4.4 nm for fluences of 3×1012 

ions/cm2, 1×1013 ions/cm2, and 3×1013 ions/cm2 respectively. More significantly, the SAED 

patterns and HRTEM images show in in Fig-4.8 (b-d) confirm the formation of monoclinic 

phase of HfO2 nano-crystals in irradiated samples. The measured inter-planar spacings of 

observed sets of planes in these crystallites (d = 0.31, 0.28 nm) correspond to (-111) and (111) 

planes of monoclinic HfO2. Here it is important to note that these films were deposited on TEM 

grids and not on a smooth Si surface.  Films are reasonably continuous even after highest 

fluence, as evidenced by the TEM and SEM images shown in Fig-4.4. The electron diffraction  
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Fig-4.8: HRTEM images of HfO2 thin films deposited on TEM grids: a) as deposited sample 

b) with fluence 3×1012 ions/cm2 c) with fluence 1×1013 ions/cm2 d) with fluence 3×1013 

ions/cm2 (The histograms on RHS show corresponding size distribution of nanoparticles, 

estimated average size is also shown in corresponding histogram). 
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pattern shown in Fig 4-9(a) confirms the amorphous nature of as deposited HfO2 nanoclusters. 

Hence this study enables us to investigate the effects of SHI irradiation on amorphous nano-

clusters of HfO2. The HRTEM image shown in Fig 4-9(b) corresponds to a sample subjected 

to a fluence of 1×1013 ions/cm2.  This image clearly shows the crystalline planes within the 

nanoparticle, further confirming the ion-induced crystallization of nano-grains. The measured 

inter-planar spacing (d = 0.28 nm) corresponds to that of (111) planes of monoclinic HfO2. 

Inverse Fast Fourier Transforms (I-FFT) have been calculated fur further and most accurate 

analysis. The IFFT and the SAED patterns are shown in Fig 4-9(c) and 4-9(d) to further confirm 

the existence of monoclinic phase in irradiated samples corresponding to a fluence of 3×1013 

ions/cm2. Hence the TEM results of the pristine and irradiated samples indicate that the SHI 

irradiation can induce amorphous to crystalline phase transformation in HfO2. The observed 

ion induced crystallization of HfO2 NPs is consistent with the previous reports of ion-induced 

crystallization of NPs in general [40-43]. However, to the best of our knowledge, there are no 

reports on swift heavy ion induced crystallization of HfO2 NPs. 

 

Fig-4.9: a) SAED pattern of the pristine sample b) HRTEM image of a sample subjected to a 

fluence of 1×1013 ions/cm2. c) and d) are IFFT and SAED patterns a sample subjected to a 

fluence of  3×1013 ions/cm2. 
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b) X-Ray diffraction analysis: 

SHI irradiation of HfO2 thin-films deposited on Si substrates were characterized by GIXRD 

measurements. Grazing incidence is an appropriate technique for analyzing thin films by X-

Ray diffraction. The diffraction patterns of pristine and irradiated samples are shown in          

Fig-4.10. A diffraction peak at about 55o, corresponding to Si-substrate appears in all pristine 

and irradiated samples. Multiple peaks are not expected, in the present experimental 

configuration, from Si substrates as they are single crystal (100) wafers. Only one peak is 

observed in pristine sample.  

 

Fig-4.10: GIXRD patterns of pristine and irradiated HfO2 thin-films deposited on Si 

substrates (fluence is mentioned within the figure). 
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Hence the films in as deposited samples showed amorphous nature whereas the irradiated 

samples consisted of Nano-crystallites, confirming the ion induced crystallization effects. The 

lowest dose sample exhibits only one peak (i.e (-111)) of monoclinic HfO2. However, the 

evolution of other peaks with increase in dose is evident in corresponding XRD patterns. Here 

it is important to note that the film thickness is almost same for all pristine and irradiated 

samples. Hence similar diffraction pattern with same peak intensities are expected in the 

absence of irradiation. The observed evolution of peaks as a function fluence unambiguously 

confirms the improved crystallization during SHI irradiation. 

The systematic increase in the intensity of various peaks that correspond to monoclinic phase 

of HfO2, shows direct dependence of phase formation on ion fluence. It is important to note 

that all the observed peaks correspond only to the monoclinic phase of HfO2 confirming a 

single crystalline phase at all doses.  These results are consistent at least qualitatively with TEM 

analysis, presented in previous section, of nanostructured HfO2 thin-films deposited on TEM 

grids in same run. All irradiated samples show diffraction peaks at 28º of 2θ corresponding to 

the (-111) planes of monoclinic HfO2 crystallites as per JCPDS file [PDF# 06-0318]. The 

average size of particles was calculated using this peak by employing the Scherrer’s formula 

as given by [44]. 

                                               𝑑 =
0.94𝜆

β𝑐𝑜𝑠Ɵ
                                   (4.1) 

where λ is the wavelength of X-rays (Cu Kα radiation, λ = 1.5405 Å), β is the full width at 

half-maximum of the XRD peak and θ is the Bragg diffraction angle. The estimated particle 

sizes are given in Table-4.2.  

Table 4.2: HfO2 particle size from HRTEM and GIXRD. 

Sample 

Name 

Fluence 

(ions/nm2) 

Particle Size (nm) 

HRTEM GIXRD 

HfO2/Si-1 Pristine 2.6 -- 

HfO2/Si-2 3 x 1012 2.8 5.1 

HfO2/Si-3 1 x 1013 3.6 7.3 

HfO2/Si-4 3 x 1013 4.4 7.3 
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The estimated average sizes of particles, with the help of TEM and GIXRD analysis, are shown 

in Fig-4.11 as a function of ion fluence. The difference in the particle size estimated by TEM 

and GIXRD may be attributed to the difference in substrate on which the films were deposited. 

As mentioned earlier, the growth kinetics and irradiation induced changes depend on the nature 

and morphology of substrates. However, it was observed that the average particle size increases 

with irradiation fluence in both cases. The results on the films deposited on two different 

substrates are in qualitative agreement. XRD results further establish the formation of nano-

crystalline monoclinic HfO2 films when amorphous HfO2 films were subjected to 100 MeV 

Ag ion irradiation. The average grain / particle size is found to increase with increase in fluence. 

The growth of particles during SHI irradiation may be attributed to the possible agglomeration 

of NPs within the effective region, by SHI induced diffusion processes. 

 

Fig- 4.11:  Particle size as a function of fluence, obtained from HRTEM and GIXRD 

measurements. 

c) Kinematics of the SHI induced defects:  

The PL measurements were performed on both pristine and SHI irradiated HfO2 NPs which 

were deposited on Si substrates using RF magnetron sputtering. PL spectra of as deposited 

samples have already been discussed in the above section and the luminescence spectra of SHI 

irradiated samples are shown in Fig-4.11. The excitation energy is chosen to be 3.8 eV, which 

is less than the band-gap of HfO2, which is 5.7 eV, to monitor the defect states in these films. 
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Usually, the luminescence of the material is either due to quantum confinement effect or due 

to mid-bandgap defect states. To monitor this, we have calculated the Bohr exciton radius of 

HfO2 NPs. The effective masses of electron and hole in monoclinic HfO2 are 1.1 and 1.6 in 

Oxygen defected m-HfO2 [45]. Bohr exciton radius for HfO2 NPs is calculated by using the 

well-known formula 

                                                𝑎𝑒𝑥 = 𝑎𝐻 . ɛ𝑟  .
𝑚0

µ
                   (4.2) 

were 𝑎𝑒𝑥 is Bohr exciton radius, 𝑎𝐻 is the Bohr radius of Hydrogen (0.53 Ao), ɛ𝑟 is the relative 

dielectric constant, m0 is the free electron mass and µ is the effective electron and hole reduced 

mass. The calculated Bohr exciton radius for monoclinic HfO2 NPs is estimated to be around 

2.1 nm by following the procedure in ref. [46, 47]. In all the above cases the HfO2 NPs size is 

larger than the calculated Bohr exciton radius, hence we don’t expect the quantum confinement 

effects. It is proved that the observed PL luminescence is due to intra band transitions or defect-

states in HfO2. As deposited HfO2 NPs showed a broad emission spectrum (from 2.4 to 3.0 eV) 

in visible region. Further, de-convolution of the pristine peak exhibits three peaks at 2.6 eV, 

2.8 eV and 3.0 eV (see Fig. 4.12(a)).  

 

Fig-4.12: PL spectra of HfO2 thin films: a) as deposited sample b) with fluence 3×1012 

ions/cm2 c) with fluence 1×1013 ions/cm2 d) with fluence 3×1013 ions/cm2. 
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As a result of SHI irradiation, the emission peak is shifted to 3.2 eV and the intensity at this 

wavelength increases with increase in fluence. The luminescence peaks are de-convoluted 

using Peak fit program to identify the defects in these films. The deconvulated peaks in 

irradiated samples correspond to 2.8, 3.1 eV and 3.3 eV as shown in Fig-4.12(b), 12(c), and 

12(d). It is known from the earlier reports that the PL originates in HfO2 from deep level defects 

due to Oxygen vacancies and interstitial states [28, 48]. These O vacancies are electron traps 

below the conduction band edge (Ec) [49]. It was reported that the PL peaks can be attributed 

to the presence of different types of poly O vacancies and F-centers in HfO2 [50]. J.G. Mendoza 

et al. [51] reported on the increase in emission intensity from HfO2 films when the annealing 

temperature is increased from 300 °C to 600 °C.  

Here we observe a small blue shift together with increase in intensity upon SHI irradiation 

suggesting that the electronic excitation induced by SHI caused annealing and rearrangement 

of defects. This is further supported by the direct observation of crystalline grains in SHI 

irradiated HfO2 films by TEM/SAED and GIXRD. The change in defect configuration might 

play an important role in the observed “amorphous” to “crystalline” transformation in these 

samples upon SHI irradiation. The defect reconfiguration is essential to take care of the 

expected changes in strains within the films during SHI induced phase transitions.  

4.3.3 Thermal Spike Analysis and Discussion: 

The observed swift heavy ion irradiation induced modifications may be examined in the light 

of thermal-spike model [52, 53]. Following two equations (eq. 4.3 and 4.4) are well-known and 

well-accepted coupled differential equations to study the evolution of electronic and lattice 

temperature in Thermal Spike model,  

𝐶𝑒
𝜕𝑇𝑒

𝜕𝑡
=

1

𝑟

𝜕

𝜕𝑟
[𝑟𝐾𝑒

𝜕𝑇𝑒

𝜕𝑟
] − 𝑔(𝑇𝑒 − 𝑇𝛼) + 𝐴(r, t)      (4.3) 

𝐶𝑎
𝜕𝑇𝑎

𝜕𝑡
=

1

𝑟

𝜕

𝜕𝑟
[𝑟𝐾𝑎

𝜕𝑇𝑎

𝜕𝑟
] ∓ 𝑔(𝑇𝑒 − 𝑇𝛼)                              (4.4) 

where 𝐶𝑒 𝑎𝑛𝑑 𝐶𝑎 are specific heats of electronic and atomic subsystems, respectively, 𝐾𝑒, 𝐾𝑎 

are thermal conductivities. 𝑇𝑒, 𝑇𝑎 are electronic and atomic temperatures. g is electron phonon 

coupling parameter and r is the radial distance from ion path. It was previously shown that the 

SHI irradiation can lead to crystalline to crystalline phase transitions in HfO2 driven by the 

electronic energy loss [54]. Presently there are two competing models, namely Thermal spike 

model [55] and Coulomb explosion model [56], to explain the ion induced phase transitions 
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and latent track formation in solids. Both these models are generally used to estimate track 

parameters. However it was shown that the effect of thermal spike is more significant in bulk 

HfO2 [54]. The effective threshold electronic energy loss (Set) for transformation of HfO2 from 

amorphous to monoclinic phase can be calculated in the framework of thermal-spike model 

[57, 58] and is given by, 

𝑆𝑒𝑡 = 𝜋𝑎0
2𝐶𝜌

[𝑇𝑝−𝑇0]

𝑔
                                     (4.5) 

where Tp and T0 are the phase transition and irradiation temperatures, respectively. 𝑎0 and g 

are the radial Gaussian distribution of temperature and conversion factor. 𝜌 and C are the 

density and specific heat of HfO2. The calculated threshold energy (20 keV/nm) is less than the 

electronic energy loss (23.2 keV/nm) of incident ion in this study. Hence, monoclinic NPs of 

HfO2 may form due to 100 MeV Ag ion irradiation of amorphous HfO2 thin films. Fig-4.13 

shows the results of thermal spike calculations performed for HfO2 by considering our 

experimental conditions and the standard physical properties of bulk HfO2. Temperature 

profiles in cylindrical zones of different radii from the ion path are plotted as a function of 

lapsed time after the incidence of an energetic ion.   

 

Fig-4.13: Results of Thermal-spike calculations of 100 MeV Ag ion effects in HfO2. 
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Here it is important to note that HfO2 is known to exist in three distinct phases, namely 

monoclinic (~500 to 1000 °C), tetragonal (1000 -1700 °C) and cubic (~ 1700 - 2500 °C) phases. 

The formation of monoclinic phase and the absence of any tetragonal peaks suggest that the 

average temperature is below 1000 °C in the region of interest. Thermal spike calculations 

shown in Fig-4.13 suggest that the temperature is below 1000 °C (1273 K) in a region of 10 

nm from the ion path. Hence the effective region of interest is considered to be 10 nm around 

ion path to interpret these results. However, it is important to note that the Se in this experiment 

is less than the value that is required for track formation in HfO2. Further, there are no reports 

on the direct observation of tracks in HfO2 under SHI irradiation. Hence our study suggests 

that the 100 MeV Ag ion irradiation induced effects are limited to and/or significant within a 

cylindrical region of about 10 nm from the path of ion. The radial Gaussian distribution of 

temperature is more or less equal within the effective region of interest (a ~ 10 nm). 

4.3.4 SHI induced phase transitions in HfO2: 

Benyagoub et al. [59] have earlier reported a crystalline to crystalline transformation from 

monoclinic to tetragonal phase in bulk HfO2 when Se is greater than 18 keV/nm. It is generally 

believed that ion irradiation leads to the creation of damage.  However, the present work is in 

support of the another important aspect of SHI irradiation that it can cause ordering of the 

material and can lead to the improvement in crystallinity and/or induce phase transformations. 

In the present work, the material is in thin-film form which consisted of amorphous clusters. 

These amorphous clusters are found to be transformed to the monoclinic state under SHI 

irradiation. However, in contrast, the thick films exhibited a monoclinic to tetragonal transition. 

Hence our study suggests that the initial state of the material plays a critical role in determining 

the effects of SHI irradiation. The films that were initially in the amorphous state got 

transformed to monoclinic state whereas those, in monoclinic phase got transformed to 

tetragonal phase under same irradiation conditions. When it comes to ion induced size and 

shape modifications of nano-particles, if the interparticle separation is small, there is an 

increase of particle size [59]. In our case, the initial particle is 2.6 nm, and interparticle size is 

around 2-3 nm which is within the effected region (or ion track) as estimated in previous 

section. Most importantly, the average size and separation of NPs are very less when compared 

to ion induced thermal Gaussian distribution (~ 10 nm). The diffusion of the nearby HfO2 small 

NPs together can cause the formation of bigger NPs. Even though the temperature increase at 

NP sized track radius is expected to be almost 1800-2000 K, the thermal conductivity is very 

small in thin films (0.27 - 0.49 W. m-1. K-1) when compared to thicker films (1.2 – 1.5 W. m-1. 
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K-1) [60]. This is in agreement in the evolution of monoclinic phase and the grain growth in 

HfO2 thin-films during SHI irradiation. 

4.4 Conclusions 

HfO2 NPs were synthesized by using RF Magnetron sputtering method. As deposited HfO2 

NPs were found to be amorphous in nature and are non-spherical in shape. HRTEM analysis 

estimates  that the average particle size is of the order of 2.6 nm. After SHI irradiation, the 

same particles got transformed into crystalline, non-agglomerated and well dispersed nano-

clusters. The HRTEM, SAED, and GIXRD measurements confirm the monoclinic phase of 

NPs in SHI irradiated films. The crystallite size is found to increase from 2.6 to 4.4 nm with 

increase in irradiation fluence. This growth of nano-particles is attributed to the possible 

agglomeration of NPs by SHI induced diffusion process. SAED, HRTEM, I-FFT and GIXRD 

analysis suggest that the nanoparticles are of stoichiometric HfO2 at all fluences because the 

estimated inter-planar distances exactly match with (111) and (-111) planes of HfO2. Hence 

there are no compositional changes within the clusters that are of our interest, although the 

stoichiometric changes are expected in other regions of films under SHI irradiation. PL 

emission band confirms the existence of Oxygen vacancy defects in these films. Annealing and 

reconfiguration of these defects due to SHI irradiation were also evidenced by PL. Observed 

results are explained within the framework of thermal spike model. Finally, it is important to 

note that the amorphous clusters in thin-films got transformed to monoclinic phase after 

irradiation. The major conclusion is that the initial state of the material (like phase, size and 

inter particle separation of nanoparticle) determine the consequent effects induced by SHI 

irradiation. The sensitivity of the initial phase of HfO2 to SHI irradiation is an important 

observation and is within in the framework of thermal spike model. The effect is observed in 

films deposited on both TEM grinds and Si substrates. The trend of SHI irradiation induced 

modifications is fund to be same, at least qualitatively, in these two sets of samples. These 

results give useful information for understanding the ion induced crystallization of NPs in 

general and HfO2 NPs in particular. This technique may be employed to fabricate HfO2 thin-

films containing nano-crystallites with spatial selectivity. 
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Grain Fragmentation and Phase 

Transformations in Hafnium Oxide Films 

Induced by SHI Irradiation 

 

This chapter provides the brief report on 100 MeV Ag ion irradiation induced modifications in 

Hafnium oxide (HfO2) films deposited by Radio Frequency (RF) magnetron sputtering method. 

The phase transformations, grain fragmentation and defect reconfiguration have been 

observed within the film after SHI irradiation. These changes were observed by employing the 

Grazing Incident X-Ray Diffraction (GIXRD), Field Emission Scanning Electron Microscope 

(FESEM), and Photo Luminescence (PL) measurements. Ion induced damage cross section 

and track diameters have been calculated from the GIXRD peak integrals. The ion induced 

changes in the photoluminescence spectra are attributed to the shallow oxygen defects and F-

centers present in hafnium oxide films. Particularly the anisotropic thermal expansion in the 

nano-grains can cause grain fragmentation. Ion-induced defect annihilation, strain relaxation, 

phase transformation and grain fragmentation are interdependent processes and their mutual 

dependency is responsble for the observed changes in the films. 
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5.1 Introduction  

As discussed in the previous chapters Swift Heavy Ion (SHI) irradiation is a well-known and 

versatile technique to synthesize, characterize and modify the materials [1]. Ion beam 

irradiation is a very precise tool to create the interdiffusion in films, fabrication of the 

embedded Nanoparticles (NPs) and to induce phase transformations [2-7]. During the passage 

of swift ions into the material or films, these ions deposit a huge amount of energy in the form 

of electronic and nuclear energy losses. This deposited high energy initially absorbed by the 

electrons in the material, eventually gets transferred to lattice and leads to the ion track 

formation, ion beam annealing, material modifications etc. [8, 9]. There are several reports on 

material modifications like amorphization, crystallization, amorphous to crystalline 

transformations and crystalline to amorphous transformations etc. [10-15].  

As mentioned earlier Hafnium Oxide (HfO2) is a contemporary gate material having a wide 

range of research activity in the fields of both electronics and optoelectronics. The variety of 

properties like high thermal stability on Si surface, wide bandgap (~5.7 eV), high dielectric 

constant (~ 25) and high refractive index (~2) lead this material to replace the conventional 

gate dielectric material (SiO2) in Metal Oxide Semiconductor (MOS) devices[16].  High 

melting (2900 ºC) and boiling (3500 ºC) points make it a suitable refractory material in high 

temperature applications [17, 18]. The better cytocompatibility eventually put this material in 

the center stage in its applications for biosensors [16] and drug delivery in cancer therapy [19, 

20]. The transperancy of HfO2 films is 80 to 90 % for Ultra-Violet (UV) to the Infra-Red (IR) 

region, so that they can be used in bandpass filters,  UV mirrors, astronomical charge coupled 

devices (CCDs), anti-reflective multilayer coatings for night-vision devices and IR optical 

devices [21-25].  

It is well-known that the above-mentioned properties strongly depend on the phase, 

stoichiometry and surface morphology of the films. More importantly, the morphology is 

critical for sensing applications. Recent reports suggest that the phase and morphology can be 

engineered by employing SHI irradiation [26, 27]. However, the underlying mechanisms 

responsible for the observed phase and/or morphology change are still to be investigated in 

detail, which forms the basis for present work. Researchers have used various deposition 

techniques to synthesize the HfO2 thin films. However, RF Magnetron sputtering method is 

more frequently used for thin film depositions, because it is easy to fabricate the thin films, 

effectively at low cost compared to the other deposition techniques. The quality of the film, 
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morphology, thickness of the deposited films can be tailored with deposition parameters like 

deposition power, deposition pressure and deposition time. Experimental results presented in 

previous chapter suggest that the SHI irradiation can induce grain growth and amorphous to 

crystalline (monoclinic) transformation in thin HfO2 films (~10 nm) deposited by RF sputtering 

at low RF powers [28]. In another study, Benyagoub [29] suggested crystalline to crystalline 

(monoclinic to tetragonal) transformation in bulk HfO2 under SHI irradiation. Here we present 

a study on the effects of SHI irradiation on the structural and surface properties of appropriately 

thick hafnium oxide film (~ 500 nm).  

5.2 Experimental details 

5.2.1 Sample preparation: 

Hafnium Oxide films were deposited on Boron doped p-type Silicon (100) wafer with 1 -10 Ω-

cm resistivity substrates using RF magnetron sputtering method at room temperature. The 

substrates are cut into 1×1 cm2 dimensions to get the uniformity while depositing the films. A 

commercially purchased 2-inch diameter and 3 mm thick HfO2 target having purity 99.99% 

was used for film deposition. Silicon substrates were cleaned ultrasonically in deionized water 

(DIW), acetone and isopropyl alcohol successively, each for 5 min and finally, these substrates 

were rinsed with DIW thoroughly. After completing the cleaning process, the substrates were 

immediately clamped to the substrate holder and substrate holder was loaded in the sputtering 

chamber. Initially, the sputtering chamber was evacuated to a base pressure of 9×10-6 mbar 

with the help of turbo molecular pump backed by a roughing pump. After reaching certain base 

pressure, a 20 Standard Cubic Centimeters per Minute (SCCM) of 99.99 % pure Argon (Ar) 

gas was introduced into the sputtering chamber using Mass Flow controller (MFC). The prior 

depositions were carried out at a pressure of 2.4×10-3 mbar. The target to substrate distance 

was maintained at 12.5 cm. A 120-W RF Power was used to deposit the films and deposition 

was carried out for 4 hours of time to get the thicker films. While depositing films, the substrate 

rotation (10 rpm) was used throughout the deposition. The pre-estimated thickness was 500 

nm. Ambios XP 200 Profilometer was used to measure the film thickness, and it was estimated 

to be around 475 nm.  

5.2.2 SHI Irradiation details: 

The deposited thick HfO2 films on Si substrates were subjected to 100 MeV Ag7+ SHI 

irradiation using a 15 UD tandem Pelletron accelerator at Inter University Accelerator Center 

(IUAC), New Delhi. The range and energy loss of ions in HfO2 were estimated using Stopping 
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and Range of Ions in Matter (SRIM-2013) simulation code [30]. The calculated ion range (R), 

electronic energy loss (Se) and nuclear energy loss (Sn) for 100 MeV Ag ions in HfO2 were 

estimated to be 7.7 µm, 23.2 keV/nm and 0.15 keV/nm, respectively. The Hafnium Oxide film 

thickness was around 500 nm which is small compared to projected ion range 7.7 µm. The ion 

beam was scanned over 1×1 cm2 of the sample area at a constant beam current of 1 particle 

nano-Ampere (pnA) to avoid the heating up of substrates. The ion fluence was varied from 

3×1012 to 1×1014 ions/cm2 by varying the irradiation time. The sample details and irradiation 

details are mentioned in Table-5.1.  

Table 5.1: Sample details, ion energy, irradiation and SRIM Calculation details. 

Sample Type Irradiation 

Fluence 

(ions/cm2) 

Ion 

Energy 

(MeV) 

Average stopping power (within 

the HfO2 film (~500 nm)) 

Set-B 

(~500 nm) 

Electronic (Se) 

(keV/nm) 

Nuclear (Sn) 

(keV/nm) 

HfO2/Si-1 Pristine 

Ag7+ 

100 MeV 
23.2 0.15 

HfO2/Si-2 3 x 1012 

HfO2/Si-3 1 x 1013 

HfO2/Si-4 3 x 1013 

HfO2/Si-5 1 x 1014 

 

The pristine and SHI-irradiated films were characterized using different techniques. Field 

Emission Scanning Electron Microscope (FE-SEM: Carl ZEISS, FEG, ultra-55) was used to 

scan the surface morphology, evolved grains and to measure the film thickness from the cross-

sectional image. Bruker D8 Advance diffractometer with Cu Kα source (λ = 0.154 nm) was 

used to estimate the possible phase changes in films. Photo Luminescence (PL) measurements 

were performed using Fluorolog, Xenon lamp, 450 W, having a resolution of 0.3 nm. 

Rutherford Backscattering Spectroscopy (RBS) measurements have been performed on the 

sample to estimate the composition and thickness of films. These measurements were 

performed using 2 MeV He2+ ions at a scattering angle of 165º at IUAC, New Delhi. The 

SIMNRA-7.01 [31] was used to simulate the acquired RBS spectra. 
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5.3 Results and discussion 

5.3.1 Synthesis and characterization of as-deposited samples: 

Thick HfO2 films deposited by RF magnetron sputtering were studied before and after 

irradiation by various characterization techniques. Initially the film thickness was measured 

with Ambios XP 200 Profilometer, and it was estimated to be around 475 nm. Similarly, the 

RBS measurement was also performed to estimate the thickness and composition of films. 

Calibration offset and energy per channel were estimated to be 96 keV and 0.961 keV/ch 

respectively using a calibration sample (Au/SiO2) to simulate the RBS spectrum shown in     

Fig-5.1. The estimated areal density is 2550×1015 atoms/cm3 which is equal to 430 nm of film 

thickness assuming the standard density of HfO2 and film composition was found to be around 

HfO2.7. Inset of Fig-5.1 depicts the cross-sectional FESEM image of the pristine sample and it 

indicates a film thickness of 460 nm which is in agreement with the nominal value of 500 nm 

and with measured values form Profilometer and RBS measurements.  

 

Fig-5.1: RBS spectrum of as deposited HfO2 thick film. Solid line indicates the fit obtained 

by SIMNRA simulation. (inset shows the cross sectional FESEM image. Measured film 

thickness is 460 nm as shown in the inset). 

The microstructure, surface morphology and the development of grain sizes of the films are 

studied by using the FESEM measurements. The pristine and SHI-irradiated HfO2 films have 
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been studied using 5 kV Extra High Tension (EHT) electron gun at different magnification 

levels. The FESEM image of the pristine sample is shown in Fig-5.2. The surface image of the 

pristine sample shows the elongated nano-flake like structures, and the average nano-flake size 

is around 70 nm along its long axis and width of the nano flake varied from 20 nm to 30 nm. 

The first analysis confirmed that the film morphology and the grain (nano-flake) size depends 

on the RF magnetron sputtering deposition parameters, like deposition power and deposition 

pressure, when compared to previous reports [28, 32-34]. On closer observation, we notice 

non-uniform, inhomogeneous and irregular grains at higher deposition rates, which is 

consistent with irregular columnar grain growths of other materials [35]. Each of the large grain 

looks like a combination of smaller grains each with size around 15 nm. In general, this type 

of morphology is less dense, loosely packed and corresponds to highly strained structures [36]. 

The adhesion between the grains in the film is very poor.  

 

Fig-5.2: FESEM image of the surface of pristine HfO2 films deposited by RF magnetron 

sputtering at 120W deposition power. 

The as deposited HfO2 films on Si sample were studied by the GIXRD measurements and the 

results are shown in Fig-5.3. The films deposited on Si substrate were scanned over 20º to 80º 

of 2θ and grazing angle was kept at 4º. The peaks in the diffraction patterns of pristine samples 

centered at 2θ values of 24.16º, 24.66º, 28.32º and 34.30º which correspond to the (011), (011), 

(111) and (020) crystal planes, respectively. These crystal planes were assigned to the 

monoclinic phase of HfO2 by matching with the standard JCPDS file [PDF# 00-006-0318] 
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having space group of P21/c. The crystallite size has been calculated by using Scherrer’s 

formula [37] as given below.  

d =
0.9λ

βcosθ
                                                                  (5.1) 

where ‘λ’ is the wavelength of X-rays (1.54 Å), ‘β’ is full width at half maximum, ‘θ’ is Bragg 

angle. From the above Scherrer’s formula the calculated grain size was around 62 nm.  

 

Fig-5.3: GIXRD pattern of pristine HfO2 film deposited on Si substrates. 

The PL measurements were performed on pristine and irradiated samples to monitor the 

dynamics of defect states as a function of fluence. The excitation wavelength was 350 nm. The 

HfO2 bandgap is around 5.7 eV, which is much higher than the excitation energy 3.55 eV. 

Hence the observed PL from the HfO2 is attributed to the transition from mid-bandgap states 

or defect states within the excitation energy range. The PL spectra of pristine sample is shown 

in Fig-5.4. The pristine sample has shown a dominant peak at 377 nm (3.3 eV), and a broad 

peak from 400 nm to 550 nm in visible region. After deconvolution using peak fitting program, 

the broad peak yields the new peaks at 2.93 eV and 2.5 eV. Most of the literature suggests that 

PL originates from the Oxygen-related interstitial and/or vacancy defects in HfO2 [38]. 
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Fig-5.4: PL spectra of pristine HfO2 film (curves obtained by deconvolution). 

5.3.2 SHI induced phase transformation and grain fragmentation:  

a) Surface morphology and grain fragmentation  

After SHI irradiation at different ion fluences, the film surface morphology and grain size 

change completely as shown in Fig-5.5 (a-d). Upon irradiation with a fluence of 3×1012 

ions/cm2, the large flake structured grains started destabilizing without any change in flake 

structure and average flake size was around 60 nm along its long axis. Further, an increase of 

fluence to 1×1013 ions/cm2, the evolution of new grains started within the flack structure. The 

destabilization of grains was slightly higher compared to the previous fluence. At this fluence, 

the grain size was around 35 nm. On further increasing the fluence to 3×1013 ions/cm 2, the 

flake structure was destroyed completely and the formation of individual sphere like grains of 

size 25-30 nm started. At highest fluence of 1×1014 ions/cm2, the surface is further smoothened 

with uniform average grain size of 15 nm. The grain size variation with ion fluence is 

summarized in Table-5.1 and Fig-5.5.  The main reason behind the change of grain size and 

morphology can be understood in terms of the phenomena of ion induced grain fragmentation 

within the film. There are some reports in the literature on ion induced grain fragmentation in 

fluoride thin films [39, 40]. The strained nano-grains or nano-flakes are expected to be relaxed 

during SHI irradiation to promote grain fragmentation process and phase transitions in films. 
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Hence the ion-induced electronic energy loss within the film plays a major role in observed 

grain fragmentation and morphological changes.  

 

Fig-5.5: FESEM images of HfO2 films as a function of fluence: a) 3×1012 ions/cm2, b) 1×1013 

ions/cm2, c) 3×1013 ions/cm2 and d) 1×1014 ions/cm2. 

b) Phase transformations and crystallinity:  

Pristine and 100 MeV Ag ion irradiated HfO2 films were studied by GIXRD measurement and 

the results are shown in Fig-5.6. GIXRD measurement details are described in the above 

section. After SHI irradiation the evaluated grain sizes calculated using equation-5.1 and the 

grain sizes tabulated in the below Table-5.2 are plotted in Fig-5.7. Along with the decrease in 

grain size, a fractional phase change was observed after irradiation of these samples with 100 

MeV Ag7+ ion. The new peak located at 2θ=30.04º in irradiated samples corresponds to the 

tetragonal phase of the crystal plane (101) as per the standard JCPDS file [PDF# 06-0318]. The 

intensity of this tetragonal peak is found to increase with increase in the ion fluence. The 

tetragonal phase was not observed for pristine or even for low dose samples (up to an ion 

fluence of 3×1012 ions/cm2). This phase change was significant for the ion fluences 1×1013, 

3×1013 and 1×1014 ions/cm2. 
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Fig-5.6: GIXRD patterns of both pristine and irradiated HfO2 films deposited on Si substrates 

(Each graph is labeled with corresponding fluence). 

Table-5.2: Sample name, ion fluence, grain sizes estimated by various methods.  

Sample 

Name 

Irradiation 

Fluence 

(ions/cm2) 

Particle / Grain Size (nm) 

estimated by 

GIXRD FESEM 

HfO2/Si-1 Pristine 
62 nm 70 nm 

HfO2/Si-2 3 x 1012 48 nm 60 nm 

HfO2/Si-3 1 x 1013 32 nm 35 nm 

HfO2/Si-4 3 x 1013 22 nm 26 nm 

HfO2/Si-5 3 x 1014 14 nm 15 nm 
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Fig-5.7: Grain size estimated by GIXRD and FESEM measurements. 

A new tetragonal peak corresponding to (200) planes emerged at 2θ = 35.09º for highest 

fluence. The fraction of phase change is calculated using Garvie and Nichilson [41] equation 

given by 

Ct =
It(101)

Im(011)+ It(101)+ Im(020)
                                                   (5.2) 

where ‘Ct’ is the compositional weight of tetragonal phase, ‘Im’, ‘It’ are integral areas of the 

monoclinic and tetragonal phases (or intensities of corresponding peaks). Cm (= 1 - Ct) gives 

the monoclinic compositional weight. The calculated fractional tetragonal phase with ion 

fluence is shown in Fig-5.8. The maximum tetragonal phase of 35 % was attained for the ion 

fluence of 1×1014 ions/cm2
.  SHI induced crystalline to crystalline phase transitions were earlier 

observed in bulk ZrO2 and HfO2 [29, 42-44]. Monoclinic to tetragonal transition was induced 

in ZrO2 and HfO2 by 595 MeV Xe and 295 MeV I ion irradiations, respectively. These results 

are consistent with the present 100 MeV Ag ion irradiation induced phase transitions in 500 

nm HfO2 films deposited by RF magnetron sputtering.  

Along with the evolution of tetragonal phase, the intensity of dominant monoclinic phase peaks 

(for (011) and (020) in pristine sample) decreased with the increase in ion fluence. An increase 

in the width of these peaks is also observed. Initially, the grain size was 62 nm which further 

decreased to 15 nm with increase in ion fluence. 



Chapter 5 

102 
 

 

Fig-5.8: Fraction of tetragonal phase with respect to monoclinic phase as a function ion 

fluence in HfO2 films. 

The decrease in grain size, decrease in peak area and increase in peak width with ion fluence 

may be attributed to the ion induced grain fragmentation process. Similar results have been 

observed in other thin films by various groups [39, 40] and an appropriate method was proposed 

to estimate the corresponding track radius by GIXRD analysis. To determine the track radius 

from the GIXRD data, peaks were normalized and averaged with the dominant peak for the 

pristine sample. The obtained values were fitted using exponential Poisson's equation as given 

below [40] to determine the damage cross-sections along different crystallographic directions. 

A(øt) = (1-Sa) × exp (-σa × øt) + Sa     (5.3) 

where A(øt) is normalized area of the concerned peak at given fluence, Sa is the saturated 

normalized area at highest fluence, σa is the damage cross-section along the corresponding 

crystallographic direction. The increase in intensity appears to be linear at lower fluences with 

slope Ia of the fitting being equal to -σa × (1-Sa). From this slope, we can deduce the information 

of track radius (σa = π × r2). The initial slopes of the corresponding peaks are -21.1 (020), and 

-36.27 (011), followed by damage cross sections as 43.7 (020) and 75 (011) nm2. The 

corresponding track radii deduced from peak areas were 3.7 nm along (020) direction and 4.9 

nm along (011) direction. The damage cross-section and track diameters are found to be 

different along different crystallographic directions which can result in and uneven thermal 
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expansion leading to the observed grain fragmentation. The fitted exponential Poisson's graph 

is shown in Fig-5.9.  

 

Fig-5.9: Normalized peak areas of dominant peaks with respect of pristine sample as a 

function of ion fluence. 

Consequently, the width of the diffraction peak increases with the decrease of the peak area. 

The widths of the normalized peaks are averaged with the pristine sample and fitted with the 

Poisson’s exponential fitting and are given by [40] 

W(øt) = Sw (1-exp (-σw × øt)) + 1    (5.4) 

Where W(øt) is normalized peak width at a given fluence, Sw is the saturated normalized width 

at highest fluence and σw is the damage cross-section. The initial slope Iw of the fitting is equal 

to the σw × Sw. From this slope, we can deduce the information about track radius (σa = π × r2). 

The initial slopes of the corresponding peaks are 30.5 (020), 33.5 (011) and followed by 

damage cross sections as 17.9 (020), 22.3 (011) nm2. The corresponding track radii deduced 

from peak widths were 2.4 nm along (020) direction and 2.7 nm along (011) direction. The 

fitted exponential Poisson's graph is shown in Fig-5.10. From the two fittings, the extracted 

track radii by these two methods are in agreement with each other. Overall the estimated 

average track radii are in the range of 5-7 nm.  
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Fig-5.10: Normalized peak widths of dominant peaks with respect of pristine sample as a 

function of ion fluence. 

c) Ion induced reconfiguration and annihilation of defects: 

The PL spectra of SHI-irradiated samples are shown in Fig-5.11. Under the influence of SHI irradiation, 

the sharp dominant peak at 377 nm disappears completely for all the fluences, and only the broad peak 

remains intact. The single neutral oxygen vacancy can be distributed over the bandgap, but maxima are 

localized at 377 nm (3.3 eV) [38]. Rui Tao Wen et al. [45] reported that peaks at 2.71 eV and 2.94 eV 

belong to the positively charged Oxygen vacancy states of Vo2+ and Vo+. Owing to ion irradiation, the 

neutral oxygen vacancies are suppressed completely. All of these defects depend on the deposition 

parameters. In general, the defects can be expected in suboxide formation (HfOx, x<2) which is 

consistent with our RBS analysis. Approximately, the broad peak position is same for all irradiated 

samples except for minor increase in intensity. The shift in the PL emission band to the higher 

wavelength side believed to be due to change in the stress/ strain in the HfO2 films, is generated from 

the change in the crystal phase from monoclinic to tetragonal [46, 47]. After deconvolution using 

peak fitting program, each peak is clearly seen to be a combination of 3.0 eV, 2.9 eV, and 2.6 

eV as shown Fig-5.11 (a-d). In our recent reports, we noticed the similar kind of results in thin 

(~ 10 nm) HfO2 films [28, 32]. Most of these shallow and deep level emissions in HfO2 may be 

attributed to oxygen-related intrinsic defect states in between the conduction and valence band 

states or F-centers [48]. When the material transforms from one phase to another phase, some 
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of the defects may disappear while other types of defects remain intact due to inevitable 

changes in the strains during these phase transitions. 2.7 eV blue luminescence has been 

reported by various research groups in HfO2 and this defect state slightly shifted to 2.6 to 2.8 

eV upon irradiation [49]. The 3.1 eV defect peak might be associated with the charged Oxygen 

defect state [50]. The change in defect configurations indicates the changes in the strain due to 

SHI irradiation which is consistent with the observed grain fragmentation and phase 

transformations in these films. The schematic representation of the defect states and their 

tentative assignments are shown in Fig-5.12 and Table-5.3, where B1, B2, B3 and B4 are 

radiative transitions from the excited level to the defect states [51]. 

 

Fig-5.11: PL spectra of HfO2 thick films: a) 3×1012 ions/cm2, b) 1×1013 ions/cm2, c) 3×1013 

ions/cm2, d) 1×1014 ions/cm2. (X-Axis indicates the wavelength (nm), Y-Axis indicates the 

intensity (arb. Units)) (curves obtained by deconvolution are also shown). 
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Fig-5.12: Schematic diagram of light emission form the defects states of the HfO2 films. 

Table-5.3: Observed emission wavelengths and tentative assignment of emission peaks. 

S. No 
Sample 

Name 
Composition 

Observed PL peak 

position (nm) 

Tentative 

Defect 

Assignment 

Reference 

used for 

assignments 

1 HfO2/Si-1 Hf0.27O0.73 

378 (~ 3.3 eV) 

422 (2.9 eV) 

496 (2.5 eV) 

Vo 

Vo+ 

-- 

[45, 

46, 

47, 

48] 

2 HfO2/Si-2 Un known 

400 (3.1 eV) 

431 (2.9 eV) 

470 (2.6 eV) 

-- 

Vo+ 

-- 

3 HfO2/Si-3 Un known 

403 (3.1 eV) 

437 (2.8 eV) 

470 (2.6 eV) 

-- 

-- 

-- 

4 HfO2/Si-4 Un known 

408 (3.0 eV) 

428 (2.9 eV) 

476 (2.6 eV) 

-- 

Vo+ 

-- 

5 HfO2/Si-5 Un known 

420 (2.9 eV) 

458 (2.7 eV) 

480 (2.6 eV) 

Vo+ 

Vo2+ 

-- 
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5.3.3 Thermal spike model and discussions:  

There are few reports on ion induced amorphous to crystalline, crystalline to amorphous and 

crystalline to crystalline transformations in ZrO2 and HfO2 [28, 29, 43, 44]. ZrO2 and HfO2 are 

twin oxides and both exhibit almost similar properties. The monoclinic phase of HfO2 can exist 

from room temperature to 1700 ºC, whereas in the case of ZrO2 it is from room temperature to 

1100 ºC. The tetragonal phase of HfO2 is stable from 1700 ºC to 2500 ºC whereas for ZrO2 it 

is around 1100 ºC to 2200 ºC respectively. With further increase in temperature, both twin 

oxides transform to cubic phase. While transforming from monoclinic to tetragonal phase, there 

is a change in volume fraction of HfO2 by 3.5 % [52]. However, compared to ZrO2 (7.5 %) it 

is very small [52]. The volume expansion coefficient is different for different crystallographic 

directions for HfO2 which can cause the observed grain fragmentation during SHI irradiation. 

Associated with uneven thermal expansion in HfO2 nano-grains, one can expect the grain 

fragmentation. In another context, The rapid increase of temperature leads to the thermal shock 

wave in the film. The thermal shock wave creates enough pressure to cripple the nano-grains 

and leads to the grain fragmentation.  

The newly formed grain size purely depends on the thermal contraction rate and strain 

relaxation in large grains. The rapid phase transformation is also responsible for the grain 

fragmentation. This anomaly can be observed in multiphase ceramics like HfO2, ZrO2, AlO3 

[53]. The grain fragmentation mainly depends on the initial grain size and strain generated 

within the grains [54, 55]. In this process, the grain size reduces to a critical size after strain 

relaxation. In the other context, the bulk free energy per unit volume (Gb) in m-HfO2 is lowest 

and in the case of tetragonal-HfO2 it is highest. The surface free energy per unit volume (γ) for 

t-HfO2 is lowest and in the case of monoclinic-HfO2, it is highest [56]. When the phase 

transition takes place between the two stable phases (m to t) the grain size decreases to a 

stabilized minimum grain size [56]. Along with that there are few models explaining the grain 

fragmentation [57, 58]. 

The electronic energy loss of 23.2 keV/nm is deposited within the HfO2 film under 100 MeV 

Ag ion irradiation. This huge amount of deposited energy can bring the material to the melting 

temperatures within the fraction of picosecond timescales in a confined area. The calculated 

atomic temperature as a function of radial distance at a given time [37] is shown in Fig-5.13. 

The phase transformation of material happens when the temperature reaches the phase 

transition temperature. According to thermal spike calculations, the track radii is around 5-7 
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nm which indicates the rise of temperature is equal to the tetragonal phase transformation 

temperature. The rise of temperature in the damaged cross-section area and calculated track 

radius are compatible with each other. In the process, thermal gradient induced shock wave 

pressure cripples the strained nano-grains or nano-flakes. The observed phase changes, grain 

fragmentation, defects creation or annihilation are inter-dependent under certain critical 

conditions. Hence several manifestations of SHI irradiation are observed in this work.  

 

Fig-5.13: Evolution of lattice temperature with respect to radial distance from ion path in 

HfO2 films estimated by thermal spike model. 

5.4 Conclusions   

 Films of Hafnium oxide were deposited on Si substrates by RF magnetron sputtering method 

at high RF power (120 W). The thickness of the as-grown films was around 500 nm and they 

exhibit monoclinic phase. The obtained self-oriented nano-flake structures are attributed to 

high deposition rates and film growth conditions. After 100 MeV SHI irradiation, phase 

transformation, grain fragmentation and defect annihilation have been observed as a function 

of ion fluence. Ion induced track radius is calculated within the films by studying the changes 

in peak areas and peak widths of various peaks observed in the GIXRD patterns. The average 

track radii are estimated to be 3-4.5 nm and the corresponding calculated atomic temperatures 

reached the critical value for tetragonal phase transformation temperature. FESEM data 

confirms the ion induced grain fragmentation. PL emission at 377 nm, broad emission at 420 
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nm indicate the shallow oxygen defects and F-centers present in the as-grown hafnium oxide 

films. After irradiation, the sharp peak at 377 nm disappears completely. Ion-induced heat 

desorption and anisotropic thermal expansion in the nano-grains are expected to cause the 

observed grain fragmentation. Electronic energy loss induced sharp rise of thermal gradient is 

the most likely cause of the phase transformation in the film. Ion-induced defect annihilation, 

strain relaxation and defragmentation are found to be interdependent phenomenon.  
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SHI Assisted Fabrication of Embedded 

Nanoparticles (Si and Ag) in HfO2 Matrix 

and Laser Ablated HfO2 Nanoparticles 

 

The main aim of this chapter is to fabricate the metal (Ag) and semiconductor (Si) 

Nanoparticles (NPs) embedded in Hafnium Oxide (HfO2) thin films. For that, silicon co-

deposited HfO2 films were prepared by Radio Frequency (RF) magnetron sputtering method. 

HfO2 and Silver (Ag) multilayer thin films were prepared using electron beam (e-beam) 

evaporation system. 100 MeV Ag ion irradiation was performed on these films to get the 

embedded NPs within the HfO2 matrix. Grazing Incident X-Ray Diffraction (GIXRD), 

Transmission Electron Microscope (TEM), Ultra Violet -Visible (UV-Vis), and Photo 

Luminescence (PL) measurements were employed to characterization. In both cases, NPs (Si 

and Ag) are formed within the HfO2 matrix with the assistance of 100 MeV Ag ion. The Surface 

Plasmon Resonance (SPR) peak position is affected by the surrounding matrix. The observed 

luminescence attributed to the emission from Si nanoparticles and defect states present in the 

HfO2 matrix. The calculated particle sizes from TEM and GIXRD were in agreement with each 

other. In addition to that, pure HfO2 NPs were prepared by employing the laser ablation 

method. Different size and phase of the HfO2 NPs were observed by impinging the different 

laser energies. These results provide the useful information of understanding of ion and laser 

interaction with nanomaterials. 
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6.1 Introduction 

Hafnium oxide is a well-known high-k dielectric material that has replaced the Silicon Dioxide 

as gate oxide material in metal oxide semiconductors (MOS) in Integrated Circuit (IC) 

technology [1] with a promise to scale down as per Moore’s law [2]. HfO2 with high dielectric 

constant (~25), better compatibility and band-offset values with Silicon has made HfO2 to 

replace the SiO2 in MOS devices and attain its significance in memory applications [3]. Along 

with that, HfO2 Nanoparticles (NPs) have been employed as flash memory [4], charge trapping 

layer in metal oxide semiconductors [5, 6] etc.  

Simultaneously, there is a growing interest in nanoparticles embedded in a dielectric matrix. 

Especially NPs that are embedded in HfO2 matrix for the optical and electronic applications. 

Metal and semiconductors NPs embedded in the dielectric matrix have proven their importance 

in floating gate memories [7], plasmonic [8], high-density solar cell [9] and light-emitting 

diodes [10] applications. The use of non-volatile memory devices with embedded NPs offer 

the fast read and write operations at small operating voltages compared to conventional flash 

memories [11] and polarization memories [12]. Noble metal NPs (Au, Ag, Pt, and Ni, etc.) 

embedded in HfO2 matrices for memory, biomedical, optical and plasmonic applications have 

been studied extensively [13-18]. The optical properties of noble metal nanoparticles lead to 

many uses in sensing and imaging technologies [19, 20]. Tiwari et al. [21] reported a study on 

Si based semiconductor NPs embedded in HfO2 matrix for memory application. HfO2 films 

doped with Si exhibit ferroelectric behavior and depending on doping concentration there is a 

transformation from ferroelectric to anti-ferroelectric phase [22]. Si-doped HfO2 nanoscale 

devices have been used as CMOS compatible Ferroelectric Field Effect Transistors (FeFETs) 

[23]. Different groups have studied the importance of Si-doped HfO2 with respect to their 

applications [24-26]. Along with HfO2 matrix, Si nanocrystals embedded in other materials 

like SiC [27], SiN [28], SiO2 [29, 30] have also been reported in the literature. Researchers 

have also reported the Si NPs fabricated by ion implantation and MeV ion irradiation [31-34]. 

However, still, there is uncertainty in fabrication, usage, and performance of embedded NPs in 

oxide matrix like HfO2. Here we report a study on the effects of swift heavy ion irradiation on 

the structural and optical properties of Si and Ag NPs embedded in HfO2 matrix.  

As mentioned earlier that HfO2 NPs have wide-ranging applications in various fields including 

biomedical applications. Recent studies show that the inert behavior of HfO2 NPs makes them 

suitable candidates for cancer therapy [35], nanocrystalline HfO2 based biosensors [36], HfO2 
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nanowire-based Ion-Sensitive Feld Effect Transistor (ISFT) for pH sensors [37], X-ray contrast 

agent and mid-IR biosensor [38] applications. Recently, there have been reports where Gamma 

and X-Ray radiations were used to treat cancer with HfO2 NPs since these are better in 

absorbing the high-energy radiation and in targeting cancer by localizing the radiation damage 

within the tumor tissues [39].  

The material scientists and physicists have adopted several synthesis methods to fabricate the 

HfO2 NPs. The cubic HfO2 NPs were prepared by microwave-assisted reduction and oxidation 

methods [40]. Monoclinic hafnia NPs were prepared by annealing the ALD grown hafnia thin 

films [41]. HfO2 nanorods were prepared by injection method [42]. Radio Frequency (RF) 

magnetron sputtering method [43], chemical route method [44] and nanosecond (ns) laser 

ablation techniques have also been employed [45, 46]. Laser ablation method is one of the 

versatile techniques to synthesize the materials in the nanoscale region in a liquid environment. 

Using laser ablation with femtosecond (fs) pulses, one can change the material in bulk to 

nanomaterial by evaporation, sublimation and condensation processes.  Further, one can tune 

the materials properties like particle size, phase and shape by varying the pulse energy, 

wavelength and repetition rate. In the literature, several reports demonstrate the efficacy of 

synthesizing NPs by fs laser ablation method [47-53]. To the best of our knowledge, there are 

no reports on the fabrication of HfO2 NPs using fs laser ablation though there are few reports 

on NPs obtained using ns laser ablation.  In an earlier report HfO2 NPs were prepared by ns 

laser ablation of pure Hf target in different liquid environments and the obtained NPs size 

varied from 4.3 nm to 5.3 nm in different liquid environments [45]. They observed that the 

produced hafnia NPs were in the monoclinic low temperature phase and in the tetragonal and 

fcc high temperature phases.  

Herein, we report the fabrication of SHI assisted Si NPs embedded in HfO2 matrix, SHI assisted 

Ag NPs embedded in HfO2 matrix and HfO2 NPs and nanoribbons (NRs) using fs ablation from 

bulk HfO2
 in de-ionized water (DIW). 

6.2 Experimental details 

The main aim of this chapter is to fabricate the semiconductor and metal NPs that are embedded 

in HfO2 matrix by different possible ways and secondly, to fabricate the HfO2 NPs by laser 

ablation method. In this connection we have deposited HfO2 thin films, “HfO2 and Si” co-

sputtered thin films, “HfO2 and Ag” multilayer thin films to fabricate the embedded NPs in 

HfO2. Pure HfO2 films and Si: HfO2 composite thin films were deposited using RF magnetron 
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sputtering method which is available in house. Ag: HfO2 multilayer thin films were deposited 

using electron-beam (e-beam) evaporation method at IUAC, New Delhi. All these films were 

deposited on Boron doped p-type Si (100) substrates, 1×1 cm2 quartz substrates and 200 mesh 

Carbon coated Copper TEM grids of their respective studies. Si and quartz substrates were 

cleaned ultrasonically in acetone, ethanol and methanol followed by deionized water to remove 

the organic and inorganic contaminants and finally dried in nitrogen gas to remove the water 

residues. TEM grids are placed on the glass slide and the edges of the TEM grids covered with 

the thin glass cover slip. Each of the cover slip stuck with high-vacuum grid with double sided 

tape such a way that TEM grids should not fall down during deposition. Specific details of each 

set of films are explained in the following subsections: 

6.2.1 HfSiOx composite thin film: 

Initially, HfO2 thin films, and “Si and HfO2” co-sputtered thin films were fabricated using RF 

magnetron sputtering method. These pure HfO2 thin films and nanocomposite thin-films were 

deposited on TEM grids, Quartz and Si substrates. 99.99% pure, 2-inch diameter and 3 mm 

thick commercially purchased HfO2 target was used for depositing the films. The pre-cleaned 

substrates and TEM grids were clamped to the substrate holder and were loaded into the 

sputtering chamber. A turbo-molecular pump backed by a rotary pump was used to achieve the 

base pressure of 8×10-6 mbarr for each of the deposition. Ar (99.99 % pure) gas was introduced 

into the sputtering chamber for depositing the films. A 60 W of RF (13.5 MHz) power was 

used to deposit the films. In the first experiment, pure HfO2 thin films were deposited for 10 

min on TEM grid and Si substrate. In the second experiment, about 30 percent of the HfO2 

target was covered using a silicon strip of 5×1.2 cm2 as shown in Fig-6.1 to deposit the nano-

composite films.   

 

Fig-6.1: Schematic diagram showing of 30 % of Si coverage on the HfO2 target. 
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The deposition was carried out at room temperature for 10 minutes. While depositing this set 

of films, substrate rotation was maintained at a uniform rate of 10 rpm, and the substrate to 

target distance was kept at 12.5 cm. The estimated thickness was 10 nm, and 20 nm respectively 

for these films. 

6.2.2 HfO2 and Ag multilayer thin films:  

Similarly, “Ag, and HfO2” multilayer thin films were deposited using e-beam evaporation 

method at IUAC, New Delhi. Before deposition, ultrasonically cleaned Si and Quartz substrates 

were loaded into the deposition chamber. This e-beam chamber has a facility to deposit layer 

by layer thin films of different materials. Also, the chamber is equipped with e-beam deposition 

facility for oxides and the thermal evaporation facility for metals. In our case, HfO2 films were 

deposited using e-beam deposition method and Ag films were deposited using thermal 

evaporation process. HfO2 pellet was prepared using commercially purchased 99.99 % pure 

HfO2 powder. The powder was compressed into 5-mm thick and 1-cm diameter pellet with a 

pressure of 20 MPa. These pellets were used for HfO2 deposition. On the other side, pure Ag 

wire was used to deposit the Ag thin films. Before depositing multilayer films, the chamber 

was evacuated to a base pressure of 9×10-7 mbar. The nominal structure and estimated film 

thickness of multilayer films is shown in Fig-6.2. Initially HfO2 thin film of about 15 nm was 

deposited by applying 25 mA current and 300 V to the e-gun. After reaching the estimated 

thickness, e-beam deposition was stopped for a while and the Ag deposition was started using 

thermal evaporation. Ag thin films about 5 nm was deposited over the HfO2 film by applying 

the 300 A current and 1V to the thermal evaporation system. These HfO2 and Ag films were 

deposited simultaneously one over other in the same manner as per the above-mentioned 

conditions.  

 

Fig-6.2: Schematic diagram of HfO2 and Ag films multilayer structure. 
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HfSiOx and HfO2: Ag multilayer thin films deposited samples on TEM grids, Si and quartz 

substrates were irradiated using 100 MeV Ag7+ ions using 15 MV Pelletron accelerator facility 

at IUAC, New Delhi. These SHI irradiations were carried at different fluences. The ion range 

(7.74 µm), electronic and nuclear energy loss (Se - 23.2 keV/nm and Sn - 0.15 keV/nm) were 

estimated using Stopping and Range of Ions in Matter (SRIM-2013) simulation code [54]. The 

ion beam was scanned over 1×1 cm2 of the sample area at a constant beam current of 1 particle 

nano-Ampere (pnA) to minimize possible local heating effects. The irradiation details like 

sample name, ion fluence and ion energy have been tabulated in Table-6.1. 

Table-6.1: Sample type and irradiation details. 

S. No 

Sample type 
Fluence 

(Ions/cm2) 

Ion 

Energy 

(MeV) 

HfSiOx 

films 

HfO2: Ag 

films 

  

1 HfSiOx -1 H/Ag/H– 1 Pristine 

100, 

Ag7+ 

2 HfSiOx -2 H/Ag/H – 2 3×1012 

3 HfSiOx -3 H/Ag/H – 3 1×1013 

4 HfSiOx -4 H/Ag/H – 4 3×1013 

5 HfSiOx -5 H/Ag/H – 5 1×1014 

 

6.2.3 Fabrication of HfO2 NPs by laser ablation method: 

HfO2 pellets were prepared using 99.9% pure commercial HfO2 powder with a grain size of 

20-30 µm. The powder was compressed into 5-mm thick and 1-cm diameter pellets under a 

pressure of 20 MPa and sintered at 5000 C for three hours. These HfO2 pellets were submerged 

in deionized water containing Pyrex cell.  The effective height of liquid layer above HfO2 pellet 

was maintained at 5 cm during the ablation process. Ablation was performed using a Ti: 

sapphire laser (LIBRA, Coherent) delivering 800 nm pulses with a duration of ~50 fs and at a 

repetition rate of 1 kHz. The target was placed normal to the laser beam on a two-dimensional 

motorized stage (Nano direct). The computer program has been developed in such way that the 

stage can move in X-Y directions with a velocity 55]. The sample was scanned 

over 5×5 mm2 and each line was separated by 100 µm. The same procedure was followed for 
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different laser energies of 200 µJ, 300 µJ, 400 µJ and 500 µJ. The colloidal HfO2 NPs were 

collected in airtight glass bottles.  The colloidal NPs were drop casted on carbon-coated Cu 

TEM grids and silicon substrates and subjected to subsequent wetting at 70º C for 1 hour to 

remove the moisture. 

As-deposited samples, SHI-irradiated samples, and laser ablated colloidal HfO2 NPs were 

characterized by available and suitable techniques. Grazing Incident X-Ray Diffraction 

(GIXRD) was employed to investigate the effects of ion irradiation on the phase and 

crystallinity of HfO2 and HfSiOx thin-films deposited on Si substrates. These measurements 

were performed using Bruker D8 Advance diffractometer with Cu Kα source (λ = 0.154 nm) at 

an incident angle of 40. The films deposited on TEM grids were investigated by using a TEM 

– Technia with electron gun working at 200 kV. Photo Luminescence (PL) measurements were 

performed using a Fluorolog Fluorescence Spectrometer equipped with a Xenon lamp of 450 

W and configured to have a resolution of 0.3 nm. Micro Raman measurements were performed 

using WITech Alpha 300 spectrometer (Ex: 632 nm). 

6.3 Results and Discussion 

6.3.1 HfO2 and Si composite films and SHI irradiation effects:  

HfO2
 thin-films and HfSiOx nanocomposite thin-films deposited on TEM grids have been 

investigated by TEM analysis. The High Resolution TEM (HR-TEM) image shown in Fig-6.3 

confirms the formation of HfO2 NPs in as-grown pure HfO2 thin-films. The average size of the 

NPs is around 5-7 nm, and these HfO2 NPs are amorphous as per the Selective Area Electron 

Diffraction (SAED) pattern shown in the inset of Fig-6.3. This result is consistent with results 

presented in 4th chapter and in our recent report on the synthesis of HfO2 NPs by RF sputtering 

[56]. Fig-6.4 depicts the TEM image of as grown HfO2: Si co-deposited (i.e. HfSiOx 

nanocomposite) thin-film. It is evident that the co-deposited HfO2 and Si have been formed in 

chain-like structures when deposited on TEM grids. This kind of formation is not observed 

when pure HfO2 is deposited in same conditions even on TEM grids. Each bead like grain in 

the nano-chain is amorphous and has a size of around 10-12 nm. However, the rings in SAED 

pattern suggests the co-existence of poly crystalline phase in the structures.  Each of the 

nanostructured composites is connected with another nanostructure and forms nano chain-like 

structures. Energy Dispersive x-ray Spectroscopy (EDS) has confirmed nanocomposite 

formation of both HfO2 and Si.  
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Fig-6.3: HR-TEM image of HfO2 NPs (inset shows electron diffraction pattern). 

 

Fig-6.4: TEM image of Si and HfO2 co-deposited nano-chains (inset shows the electron 

diffraction pattern). 

After 100 MeV Ag ion irradiation, we see different size distribution of Si nanoparticles for 

different ion fluences within the nano-chains. The HR-TEM images shown in Fig-6.5 confirm 

the formation of Si NPs. Fig-6.5(a) and 6.5(b) show the image for the fluences of 1x1013 

ions/cm2 and 3x1013 ions/cm2 respectively. During the irradiation, Si NPs got crystallized and 

HfO2 phase is changed from amorphous to monoclinic as shown in Fig-6.6. The phase change 

in HfO2 is consistent with the results shown in chapter 4 and in our recent report [56]. Fig-
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6.6(a) shows the interlunar spacing (d- spacing) of 0.31 nm corresponding to the Si NPs (111) 

phase wherever the Si NPs are present. The contrast in TEM images indicates the formation of 

embedded Si NPs with the HfO2 matrix. It appears in these images as though the Si NPs are 

surrounded by HfO2.   

 

Fig-6.5: HRTEM images of Si and HfO2 co-deposited thin-films showing nano-chains like 

structures a) with fluence 1x1013 ions/cm2 and b) with fluence 3x1013 ions/cm2. 

Fig-6.6(b) shows the d spacing of 0.28 nm corresponding to the (-111) of monoclinic phase of 

HfO2 wherever the Si NPs not present. The right-side images in Fig-6.6 shows the Inverse Fast 

Furrier Transform (IFFT) of the corresponding left side images. Fig-6.7(a) and Fig-7(b) show 

the EDS spectra with and without the Si NPs, respectively which indicate an increase in Si 

concentration with respect to as deposited samples. The phases of the films and composition 

of both HfO2 and Si components in co-sputtered films can be examined by using GIXRD 

measurement. Even though the film thickness is very small, with grazing incident angle (4º of 

θ), we can scan over entire film during the period of scanning. 
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Fig-6.6: HRTEM images on a) at Si NP b) at a HfO2 portion (Corresponding IFFTs are 

shown on right side). 

 

 

Fig-6.7: EDS spectra of films a) away from the area of Si NPs b) within the area of Si NPs. 

The GIXRD patterns of co-deposited films on a silicon substrate are shown in Fig-6.8. The 

pristine sample shows amorphous nature producing no diffraction peaks. These are similar to 

those films deposited on TEM grids. From the irradiated films, the diffraction peak at 2θ of 

31.7o corresponds to the monoclinic phase of HfO2 (JCPDS- 00-047-1186). This diffraction 

peak at a 2θ value of 30.4º corresponds to the Si nanoparticles (JCPDS- 00- 040 -0932). The 
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particle size of both HfO2 and Si nanoparticles were estimated using Scherrer’s formula as 

given below [57]. 

     𝑑 =
0.94𝜆

β𝑐𝑜𝑠Ɵ
        (6.1) 

Where λ is the wavelength of X-rays (Cu Kα radiation, λ = 1.5405 Å), β is the full width at 

half-maximum of the XRD peak, and θ is the Bragg diffraction angle.  

 

Fig-6.8: GIXRD patterns of pristine and irradiated samples of HfO2: Si co-deposited on Si 

substrates. 

The estimated particle sizes are shown in Table-6.2. From these results, we see that the Si 

nanoparticle size strongly depends on the irradiation fluence. Here it is important to note that 

the HfO2 particles are elongated whereas the spherical Si NPs are observed within this 

nanochain like HfO2 structures. However, the size estimated by this method corresponds to the 

average size / dimension of particles in the direction of particular planes considered in the 

calculation.   
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Table-6.2: Sample name, irradiation fluence and particle sizes. 

Sample 

Name 

Fluence 

(ions/cm2) 

Si particle size (nm) 

HR-TEM GIXRD 

HfO2: Si-1 pristine 10-12 -- 

HfO2: Si-2 1×1013 5.1 8.2 

HfO2: Si-3 3×1013 8.3 12.1 

 

 

Fig-6.9: PL spectra of HfO2: Si co-deposited on Si substrates. 

PL spectra of Si and HfO2 co-sputtered films on Si substrates are shown in Fig-6.9. The PL 

measurements were performed on both the pristine and irradiated films using 350 nm (3.5 eV) 

excitation wavelength. As deposited sample shows a broad luminescence spectrum over a range 

of 400 to 500 nm and a small hump at 530 nm giving the information about the presence of Si 

nanostructures. The broad PL spectrum of HfO2 is largely characterized by oxygen-related 

vacancy defects and is consistent with previous reports [58-60]. After irradiation, there are 

observable luminescence peaks at 445 nm and 530 nm. The luminescence at 445 nm at various 

fluences correspond to the defects present in the HfO2. These are middle bandgap electron trap 

states or F-centers [61-63], which we have discussed in our previous reports [64, 65]. Here the 

emphasis is on the emission around 530 nm which is expected by the embedded Si NPs within 
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HfO2 matrix.  It is important to note that the average size of Si NPs is close to the Bohr exciton 

radius of Si which is around 5.5 nm [66]. Hence the luminescence at 525 nm and 530 nm can 

be attributed to the Si NPs with respect to the ion fluence of 1×1013 and 3×1013 ions/cm2. The 

emission from isolated Si NPs is mostly in the red to orange (around 700 nm) region. The 

observed emission at little higher energies confirms the significance of confinement effects 

caused by core-shell (Si NP / HfO2) like structures. This further confirms the formation of 

embedded Si NPs within HfO2 matrix by SHI irradiation of HfSiOx nanocomposite films. 

Further, the observed shift of luminescence to the higher wavelength side (redshift) at higher 

fluence implies an increase of Si NP size due to ion irradiation. The luminescence at 440 nm 

belongs to the defects in HfO2 or surface defects present in the polycrystalline Si NPs [67].  

6.3.2 HfO2 and Ag multilayer films and SHI irradiation effects 

HfO2 and Ag multilayered film were deposited at IUAC, New Delhi and irradiated using 100 

MeV Ag ions. The main motivation of this study is to study the evolution of Ag NPs with 

respect to their size, shape and effects of the surrounding medium during the SHI irradiation. 

The size and shape of the Ag NPs can be studied by UV-Vis absorption spectroscopy, TEM, 

and GIXRD. The observations made are as follows: The absorption spectra of HfO2 and Ag 

multilayer films are shown in Fig-10(a). A small hump in the absorption spectra at 250 nm is 

due to HfO2 and the main absorption peak at 450-500 nm is due to Surface Plasmon Resonance 

(SPR) of Ag NPs. Normalized SPR peaks of Ag NPs with respect to SHI irradiation are shown 

in Fig-6.10(b). It is evident that the SPR peak is blue shifted with SHI irradiation. The FWHM 

of SPR peak decreases with fluence, which means that the Ag NPs size increases with the 

increase of ion fluence. Pristine sample shows SPR peak at 570 nm with broad peak width. 

This is expected due to the large sized and irregular Ag clusters while depositing the films. 

After SHI irradiation, the two layers got overlapped and Ag NPs were formed in the HfO2 

matrix. The SPR peak shifted to lower wavelength side and peak width decreased with ion 

fluence. The decrease of the peak width and redshift of SPR peak position indicates the growth 

of the NP size. In metal NPs there are many factors that can influence the SPR position. The 

shift in the peak position, broadening of the peak and intensity variation may change owing to 

the changes in the 1) particle size, 2) shape, 3) aspect ratio and 4) material of the surrounding 

medium [68]. 
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Fig-6.10: a) absorption spectra of HfO2: Ag multilayer film on quartz substrates and b) 

normalized absorption spectra. 

Above three cases give only slight variation in SPR peak position, but in our case, the SPR 

blue shift is around 120 nm for highest fluence. Hence, the most probable reason is to do with 

SHI induced change of dielectric constant of host matrix and possibly also the change of NPs 

shape and size. If the surface geometry of NPs changes than the resonating electric field density 

on the surface can change. If the surface density of electrons differs from metal to host matrix, 

then also such a blue shift is expected [69]. This can be attributed to the change of the dielectric 

constant of the host matrix during irradiation. There are few reports of SHI induced  blue shift 

of SPR peak even though there is a growth of NPs [70-72].  According to Mie theory, spherical 

Ag NPs exhibit single SPR peak, while anisotropic particles like prisms, dendrites, triangles 
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and rod exhibit multi SPR peaks [73]. Since in our case we got only single SPR peak, one can 

assume that spherical NPs are produced during SHI irradiation.  

Bandgap mainly represents the electronic structure of the material. Insulators have a large 

bandgap, semiconductors have moderate bandgap and metals either have very small bandgap 

or no bandgap due to the overlap of the valence band and the conduction band. Due to the 

strong interaction of metal NPs with the incident light, the free electrons oscillate resonantly at  

 

Fig-6.11: a) Bandgap calculation using Tauc’s relation and b) SPR peak position and 

bandgap value in terms of ion fluence. 

Particular incident light wavelengths. The oscillating electrons virtually create a gap between 

the core electrons.  Kubelka–Munk [74, 75] proposed a model of exhibiting bandgap in metal 
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NPs especially with those exhibiting SPR. The optical band gap energy for the Ag NPs is 

calculated using Tauc equation given below 

(αhν) = B*(hν - Eg)
n      (6.2) 

where ‘A’ is a constant, α is the absorption coefficient, Eg is the band gap, ‘h’ is the plank’s 

constant, and ν is the frequency. Where n represents the direct (n=2) or indirect (n=0.5) 

transition. The absorption coefficient is calculated by dividing the thickness with absorbance. 

The bandgap of the HfO2 and Ag composite shown in Fig-6.11(a). Fig-6.1,1(b) represent the 

SPR peak position and obtained bandgap in terms of irradiated fluence. The bandgap of the 

HfO2: Ag film increased sharply from 3.1 eV to 3.6 eV and decreased to 3.2 eV with an 

irradiation fluence.  

 

Fig-6.12: GIXRD spectra of Ag and HfO2 multilayer thin film on Si substrate. 

The GIXRD measurements were performed on HfO2 and Ag multilayered films before and 

after irradiation shown in Fig-6.12. Before irradiation, HfO2 is amorphous. After irradiation, 

both the HfO2 and Ag show some patterns in GIXRD spectra. The peaks positioned at 2θ value 

of 31.7º, 35.5º, and 50.4º corresponds to the monoclinic HfO2. They belong to the (111), (200) 

and (220) planes respectively. These planes are matching with the JCPDS file no. 00-006-0318. 

The peaks positioned at 2θ of 38.1 º and 44.2 º belong to the (111) and (200) planes of cubic 
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Ag NPs. These are well matching with the JCPDS file no. is 00-004-0783. Full-width at half 

maxima of Ag NPs (111) peak is decreasing with the fluence, it indicates that Ag NPs size 

increases with ion fluence. The grain size of Ag NP is estimated using Scherrer’s formula given 

in Eq-6.1. After irradiation, the Ag nanocluster size increases from 9 nm to 20.6 nm with 

increase in the ion fluence.  

 

Fig-6.13: FESEM images of HfO2: Ag multilayer thin films a) as deposited film, b) with 

fluence 1×1013 ions/cm2, c) with fluence 3×1013 ions/cm2, and d) with fluence 1×1014 

ions/cm2. 

Fig-6.13 shows the FESEM images of the HfO2 and Ag multilayer thin films before and after 

irradiation. Fig-6.13(a) shows the as-deposited film and the rest of the images Fig-6.13(b), 

6.13(c), and 6.13(d) correspond to samples irradiated at fluences of at 1×1013 ions/cm2, 3×1013 

ions/cm2, and 1×1014 ions/cm2 respectively. The pristine sample exhibits the uniform 

distribution of HFO2 grains of each size 15 nm. After irradiation, HfO2 grain size is reduced 

from 15 nm to 10 nm at different fluences. At highest fluence, 1x1014 ions/cm2, the HfO2 grain 

size is around 10 nm. The reduction in the grain size due to grain fragmentation or ion induced 

strain relaxation can be seen in Fig-6.13(b) for the fluence 1×1013 ions/cm2. Ag NPs were 

formed due to SHI irradiation and some of the NPs got diffused to the surface as shown in Fig-

6.13(c) for the fluence 1×1013 ions/cm2. At the highest fluence, 1×1014 ions/cm2, shown in Fig-

6.13(d), one can observe the composite like film formation due to coagulation of Ag NPs. The 
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Ag NP size increases from 7 nm to 15 nm after irradiation. The results are in good agreement 

qualitatively with the GIXRD data. Ag NPs look like spherical particle at the surface.  

 

Fig-6.14: TEM images of scratched HfO2: Ag multilayer thin films a) as deposited film, b) 

with fluence 1×1014 ions/cm2. 

The films on Si substrates are scratched and the drop casted on the TEM grids and examined 

using TEM.  Fig-6.14(a) shows the as-deposited sample and illustrates the large Ag 

nanoclusters formed under the HfO2 layers.  In some other areas, sheet like structures of the 

Ag films beneath the HfO2 film were observed. After irradiation with 100 MeV Ag ion, Ag 

nanoclusters started the formation of NPs. Fig-6.14(b) shows the TEM image for the fluence 

of 1x1014 ions/cm2, the observed particle size is around 20 nm. The evolved Ag NPs size is in 

agreement with the GIXRD and FESEM analysis.  

6.3.3 HfO2 NPs by laser ablation method 

Fig-3.15 illustrates the TEM images of laser ablated HfO2, which contains both NPs and NRs. 

As seen from the histograms shown in Fig-3.15 right hand side, a wide distribution of sizes (5 

to 100 nm) was observed for all the input energies. The average NP size varied from 13.5 nm 

to 18.8 nm with increasing laser energies (200 µJ to 500 µJ).  The right-hand bottom side of 

Fig-3.15(a-d) depicts the high-resolution TEM images clearly indicate that the NPs have 

extended to form NRs. It is also observed that the density of NRs increases with increase in 

laser energy, which were found to be amorphous. Similar observations of nano-chain formation 

in various materials ablated in water environment have been reported elsewhere [76, 77]. The 

probable reason for the observed nano-chain formation could be due to collision induced-



Chapter 6 

131 
 

aggregation and laser induced-sintering [78].  A few other studies of the occurrence of nano-

chains in water environment are attributed to the quenching of plasma plume generated during 

the laser ablation process [79]. The growth mechanism of nano-chains/nano-ribbons may not 

be due to the vapor-liquid-solid [80, 81] process, in which catalytic assisted mechanism plays 

a vital role in the formation of nano-chains/nanoribbons. Normally the metal NPs act as catalyst 

active sites but in the present case, no metal was used. The growth of nano-chains could be a 

vapor-solid process [82], in which vapor was produced from the HfO2 target due to the high-

temperature plasma generated at the target liquid surface and gets deposited as nanoclusters 

through the aggregation near to the target surface. As the ablation progresses, continuously 

emitting plasma generates more HfOx vapor and results in the formation of more nanoclusters, 

which are favorable sites for adhesion of additional HfOx molecules and consequently result in 

the formation of NRs [83]. However, the exact mechanism of NRs formation is still unclear 

and, therefore, needs more systematic studies. The phase of the HfOx nanostructures is 

comprehended using HRTEM and SAED data, which is presented in Fig-3.16(a-d).  Fig-

3.16(a) illustrates the SAED pattern of HfOx NPs which confirms the monoclinic phase with 

‘d’ spacings of 0.28 nm, 0.31 nm, corresponding to the planes of (111) and (-111) at lower laser 

energies. Fig-3.16(b) and Fig-3.16(c) illustrate the SAED patterns clearly suggesting the 

existence of rhombohedral and hexagonal phases in samples ablated at higher laser energies. 

Fig-3.16(d) depicts the HRTEM image and the‘d’ spacing’s of 0.48 nm and 0.44 nm 

corresponding to the planes of (100) and (101) respectively, of hexagonal HfO2. Furthermore, 

the EDS data also confirmed the Hf/O ratio of 45.6/54.4 at lower energy and 78.6/21.4 at higher 

energy. We have also observed that at lower input energies the NPs exhibited monoclinic 

polycrystalline nature while for higher input energies, pure crystalline nature with a 

combination of monoclinic and hexagonal structures are seen. Therefore, we believe that that 

the fs laser ablation of HfO2 pellets in deionized water leads to the formation of HfO2 NPs 

when ablated at lower input energies whereas Hf (metal) rich (like Hf6O) NPs are formed at 

higher energies in otherwise same conditions. We believe that this is an important result that 

provides useful information to understand the basic process of ultrafast laser ablation of oxide 

materials in liquids. 
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Fig-3.15: TEM images of HfO2 NPs synthesized in DIW at different laser energies a) 200 µJ 

b) 300 µJ c) 400 µJ and d) 500 µJ. The right side of each image depicts the corresponding 

size distribution histograms and below are the high-resolution TEM images illustrating the 

NRs.  <d> represents the average nanoparticle diameter while ‘σ’ represents the deviation. 
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Fig-3.16: (a), (b), (c) SAED patterns of monoclinic, rhombohedral, hexagonal structures, 

respectively (d) HRTEM images of HfO2 NPs. Inset of (d) shows IFFT pattern. 

The metallic nature of NPs generated at higher input energies needs to be thoroughly 

investigated. The advantage with the present technique is that the produced NPs are bare and 

possess ligand-free surfaces, which is desirable and beneficial in high-k dielectric applications. 

HfO2 exhibits distinct phases depending on the synthesis conditions: some are pressure-induced 

phase transitions [84] while others are temperature-induced phase transitions [85]. All these 

phase transitions are dependent on Hf and O concentration levels as well.  

GIXRD measurements have been performed on HfOx NPs drop casted on Si substrates, and 

GIXRD patterns are shown in Fig-3.17. For lower energies of 200 µJ and 300 µJ, the NPs 

exhibited monoclinic phase. Further increase in the energy to 400 µJ and 500 µJ has resulted 

in the combination of monoclinic and hexagonal phase for the generated NPs. GIXRD patterns 

strongly support the observations from HRTEM and SAED data which demonstrated distinct 

phases of HfO2 at different laser fluences. The 2θ values at 28.3º and 31.5º confirm the 

monoclinic phase of the corresponding (-111) and (111) planes of HfO2. These peaks match 

well with JCPDS file # 01-006-0318 (monoclinic HfO2). The 2θ values of 35.2º and 44.2º 

confirm the presence of hexagonal phase, which is noticed for higher energies. These peaks 

again match well with JCPDS file #01-078-5817 (hexagonal Hf6O). The GIXRD data 
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coordinated well with the hexagonal Hf6O ratios. TEM and EDS (energy dispersive 

spectroscopy) data confirmed that the hafnium-rich oxide nanostructures are formed by laser 

ablation at higher energies.  Several theoretical studies [86-88] have predicted the occurrence 

of Hf6O and other binary hafnium oxides (e.g. Hf8O7) at very high pressures, which can 

possibly be present during high energy ablation using fs pulses.  Further detailed studies are 

essential to confirm the formation of these unusual and exotic structures. 

 

Fig-3.17: GIXRD spectra of HfO2 NPs prepared at different laser energies and drop casted on 

Si substrates (m- monoclinic, h- hexagonal structures). 

Hafnium oxide exhibits a total of about 36 vibrational modes.  However, among those 18 modes 

(9 Ag+9 Bg) are Raman active, 15 modes (8 Au+7 Bu) are IR active and remaining 3 modes are 

acoustic vibrations [89].  The monoclinic phase of HfO2 exhibits all the 18 vibration modes 

and tetragonal phase exhibits 3 IR and 3 Raman modes [90].  Micro Raman spectra of the HfO2 

NPs drop casted on Si substrates are shown in Fig-3.18. The Raman peaks observed at 300 and 

521 cm-1 represent the characteristic lines of Si and the corresponding FWHM is ~3.4 cm-1. 

Bulk HfO2 Raman peak at 523 cm-1 matched exactly with the monoclinic phase of HfO2 [42-

44]. We have observed a deviation of 2-4 cm-1 for each peak in HfOx NPs with respect to those 

of pure HfO2. Monoclinic HfO2 NPs exhibited a peak at 523 cm-1 that is beneath the dominant 

Si 521 cm-1 peak. The experimental and theoretical calculations of HfO2 vibrational modes for 
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monoclinic, tetragonal, orthorhombic and cubic phases have been reported in the literature [91-

94].  However, in the present work, we have not observed any tetragonal, cubic or orthorhombic 

phases. For the input energies of 300 µJ and 400 µJ, the Raman peak positions agreed with the 

original peaks, but the intensity ratios were different. For the case of 500 µJ input energy, the 

two dominant peaks at 136 and 152 cm-1 merges into a single peak at 144 cm-1. Similarly, the 

peaks at 244 and 258 cm-1 merge and produce a dominant peak at 250 cm-1. All the major peaks 

observed are indexed along with the Silicon peak near 521 cm1. Most of the observed lower 

vibrational modes correspond to metal (Hf) and at higher range modes are oxygen dominated 

modes. According to the existing reports [95-96], the higher order modes concur with the 

original results while lower modes merge and yield a dominant peak as a function of Hf content 

and laser ablation energy. 

 

Fig-3.18: Raman spectra of HfO2 NPs prepared at different laser energies and drop casted on 

Si substrates. 

6.4 Conclusion 

Pure HfO2 films were deposited by RF magnetron sputtering. Investigations suggest the 

formation of 5-7 nm of amorphous HfO2 NPs. Whereas in the case of HfO2: Si co-sputtering, 

chain-like nanostructures were formed when 30 % of the HfO2 target was covered with Si while 
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depositing. In the above two cases, the formation of NPs and chain like structures might be due 

to effect of deposition conditions of the RF magnetron sputtering system and the nature of 

substrate. The HfSiOx nano-clusters of 10-12 nm in size were formed and these nanoclusters 

got connected with other clusters in such a way that nano-chains were formed. When subjected 

to 100 MeV Ag ion irradiation, Si NPs were formed within the nano-chains. The Si NP size 

increases from 5.1 to 8.3 nm with an increase in ion fluence. The luminescence at 420 nm is 

attributed to ‘O’ related defects in HfO2. The luminescence peak at 530 nm is attributed to 

embedded Si NPs within HfO2 matrix and redshift indicates the increase in the NP size with 

increase in irradiation fluence. 

Whereas in the case of HfO2: Ag multilayers, metal NPs size increases with ion fluence and 

the calculated particle size from GIXRD, FESEM and TEM are in agreement with each other. 

Even though the Ag NP size increases with ion fluence, SPR is blue shifted in absorption 

spectra. The blue shift in SPR peak might be due to SHI induced changes in the dielectric 

constant of the host matrix. Surface HfO2 grain size decreases due to ion-induced grain 

fragmentation. These results provide useful information to understand the effects of ion 

irradiation induced synthesis and modification of nanoparticles. The observed stable and 

visible luminescence from core-shell structures may find practical applications. 

HfO2 NPs are fabricated in DIW using fs laser ablation with varying input pulse energies. The 

size of HfO2 NPs increases from 13.5 nm to 18 nm with increase in laser energy (200-500 µJ). 

Along with NPs, 10-20 nm wide and few hundred nm long NRs were also observed. The NRs 

density increases with increasing input energy. At lower input energy, HfO2 NPs exhibited 

monoclinic structure and at higher energy both monoclinic and hexagonal structures were 

observed, indicating the formation of a new phase (Hf6O) which is otherwise formed at high 

pressures. This result provides useful information of understanding ion and laser interaction 

with nanomaterials.  
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Conclusions and Scope of Future Work 
 

This chapter presents a brief note on overall conclusion of the thesis. Possible future directions 

are also discussed. 

7.1 Conclusions 

In this thesis we have discussed our results on the fabrication of Hafnium Oxide (HfO2) thin 

films, SHI irradiation induced modifications of HfO2 thin films, and Nanoparticles (NPs) 

embedded in HfO2 matrix.  

Initially, we have deposited HfO2 films by RF magnetron sputtering method at different 

deposition conditions like deposition power, pressure and different annealing temperatures. All 

the deposited samples were characterized and investigated using several techniques. We 

noticed that with increasing the RF power, the film thickness increases linearly. Lower RF 

powers gave low deposition rates and higher RF powers gave higher deposition rates. Along 

with that we noticed lower RF power grown films have shown good morphology and higher 

RF power grown films shown irregular grain growth. From the above observations, moderate 

RF powers are suitable for further work. Then, we kept the deposition power constant and 

varied the deposition pressure. We noticed that with increase in the deposition pressure, the 

film thickness decreases, the grain size decreases and the porosity of the film increases. From 

the above observation, we conclude that lower deposition pressure is more suitable to get better 

morphology with moderate film thickness. As deposited films have shown amorphous nature 

and after annealing at higher temperatures, these films got transformed to monoclinic phase. 

From the above optimized conditions, we have synthesized thin HfO2 films of thickness about 

15 nm deposited by using RF Magnetron sputtering method. Initial observation shows that 

these films are amorphous in nature. These thin films consist of non-spherical nanoclusters of 

size about 2.6 nm. After irradiation, we noticed that the same nanoclusters were transformed 

into crystalline, non-agglomerated and well dispersed spherical crystallites. The 

characterization techniques like XRD and TEM confirm the phase transformations and particle 

size growth. This growth of nanoparticles is attributed to the agglomeration of surrounding NPs 
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by ion induced diffusion process. The defect configuration is also found to change after SHI 

irradiation as seen from the PL emission spectra. We have used thermal spike model to explain 

the above observed SHI induced results. These results give useful information for 

understanding the ion induced crystallization of NPs in general and HfO2 NPs in particular. 

Similarly, we have deposited thick HfO2 films of thickness about 500 nm using the same RF 

magnetron sputtering method at higher powers. The as-deposited film show monoclinic phase 

and self-oriented nano-flake structures because of the high deposition rates and film growth 

conditions. We have performed the SHI irradiation on these films. XRD, FESEM, and PL 

confirm the phase transformation, grain fragmentation and defect annihilation in SHI irradiated 

films. Using the GIXRD spectra, ion induced damage cross sections and ion induced track 

radius have been estimated. In this case of thick films also, we observed the ion induced defect 

reconfiguration. As discussed earlier these defects are mid-bandgap electron trap centers. Ion-

induced heat desorption and anisotropic thermal expansion in the nano-grains are expected to 

cause the observed grain fragmentation. All these observed effects are expected due to 

electronic energy loss induced sharp rise of thermal gradient. 

Similarly, we have studied the SHI induced effects on the embedded nanoparticles in HfO2 

matrix. HfSiOx composite films were deposited using RF magnetron sputtering method as 

discussed in the above section. With SHI irradiation, Si NPs were formed with the composite 

films. These Si NPs size increases with ion fluence as studied in the literature. Similarly, we 

have deposited the Ag/HfO2/Ag multilayer thin films using e-beam deposition. As expected 

embedded Ag NPs were formed within the HfO2 matrix after SHI irradiation. Quietly, Ag NPs 

induced SPR peak blue shifted even though the size of NPs increases. This effect is due to the 

effect of change in dielectric constant of the host matrix. These results provide useful 

information to understand the effects of ion irradiation induced synthesis and modification of 

nanoparticles. Along with these we have fabricated the HfO2 NPs using laser ablation method 

in DIW. The HfO2 NPs size increases from 13.5 nm to 18 nm with increase in laser energy. 

With the increase in the laser fluence, a new phase (Hf6O) is nucleated. 

7.2 Scope of Future Work 

Metal (Au, Ag, and Pt etc.) and Semiconductor (Si, and Ge) nanoparticles embedded in 

dielectric matrix have generated significant interest in electronics (storage memory) 

applications and opto-electronic applications. These studies are important because, we know 

that HfO2 has replaced the SiO2 as a gate dielectric material in the microelectronics. The NPs 
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embedded in HfO2 dielectric matrix are currently under extensive investigations due to their 

potential application in non-volatile memory devices. We have achieved the fabrication of 

HfO2 thin films and studied the SHI irradiation effects. We have achieved the fabrication of 

metal (Ag) and semiconductor (Si) NPs and control on their size and shape embedded in HfO2 

matrix with the assistance of SHI irradiation. The preliminary investigations are initiated and 

those are in progress. To understand more about ion induced phase changes, studies can be 

extended to investigate the HfO2 based phase change memory applications. Still there is a room 

to study the different type of NPs embedded in HfO2 matrix and these are open challenges for 

the scientific society. From all the above investigations, there is a possibility to use SHI 

irradiation as an interesting tool to modify the material and to control the nanoparticle 

embedded thin films in various materials.  

 

 

 



 

146 
 

List of Publications 

1. M. Dhanunjaya, S.A. Khan, A. P. Pathak, D.K. Avasthi and S. V. S. Nageswara Rao, 

"Ion Induced Crystallization and Grain Growth of Hafnium Oxide Nano-particles in 

Thin-films deposited by Radio Frequency Magnetron Sputtering” J. Phys. D: Appl. 

Phys. 50, 505301 (2017). 

2. M. Dhanunjaya, N. Manikanthababu, A. P. Pathak and S. V. S. Nageswara Rao, 

“Effect of Growth Rate on Crystallization of HfO2 Thin Films Deposited by RF 

Magnetron Sputtering” AIP Conference Proceedings 1731, 080071 (2016). 

3. V. S. Vendamani, Saif A Khan, M. Dhanunjaya, A. P. Pathak and S.V.S. Nageswara 

Rao, “An Energetic ion induced desorption of hydrogen from porous silicon studied by 

on-line elastic recoil detection analysis”, Microporous and Mesoporous Materials, 246, 

81-88 (2017). 

4. N. Manikanthababu, M. Dhanunjaya, S. V. S. Nageswara Rao and A. P. Pathak, “SHI 

induced effects on the electrical and optical properties of HfO2 thin films deposited by 

RF sputtering”, Nucl. Inst. Meth. B 379, 230-234 (2016). 

5. N. Manikanthababu, N. Arun, M. Dhanunjaya, S. V. S. Nageswara Rao and A. P. 

Pathak “Gamma irradiation induced effects on the electrical properties of HfO2 based 

MOS devices” Radiation Effects & Defects in Solids, 171, 1–2,77–86 (2016). 

6. Andrey Baydin, Halina Krzyzanowska, M. Dhanunjaya, S.V.S. Nageswara Rao, 

Jimmy L. Davidson, Leonard C. Feldman, Norman H. Tolk, “Measurements of depth 

dependent modification of optical constants arising from H+ implantation in n-type 4H-

SiC using coherent acoustic phonons”, APL Photonics, 1, 036102 (2016). 

7. N. Manikanthababua, N. Arun, M. Dhanunjaya, V. Saikiran, S.V.S. Nageswara Rao 

and A.P. Pathak, “Synthesis, characterization and radiation damage studies of high-k 

dielectric (HfO2) films for MOS device applications”, Radiation Effects & Defects in 

Solids 170, 207 (2015). 

8. M. Dhanunjaya, D.K. Avasthi, A. P. Pathak, S.A. Khan, and S. V. S. Nageswara Rao, 

“Grain Fragmentation and Phase Transformations in Hafnium Oxide induced by SHI 

Irradiation”, (under review). 

9. M. Dhanunjaya, A. P. Pathak and S. V. S. Nageswara Rao, “Silicon Nanoparticles 

Embedded in Hafnium Oxide Matrix and Swift Heavy Ion Induced Effects, (under 

review). 



 

147 
 

10. M. Dhanunjaya, Chandu Byram, Venugopal Rao Soma, V. S. Vendamani, A. P. 

Pathak and S. V. S. Nageswara Rao, “Hafnium Oxide Nanoparticles Fabricated by 

Femtosecond Laser Ablation in Water” (to be submitted). 

11. M. Dhanunjaya, K. Vinod, S.A. Khan, A. P. Pathak, D. Kabiraj and S. V. S. 

Nageswara Rao “100 MeV Ag Ion Induced Silver Nanoparticles Embedded in Hafnium 

Oxide Matrix”, (to be submitted).  

12. M. Dhanunjaya, Venugopal Rao Soma, Chandu Byram, A. P. Pathak and S. V. S. 

Nageswara Rao, “Hafnium Oxide Nanoparticles Fabricated by Femtosecond Laser 

Ablation in Liquid Environment” (to be submitted). 

13. M. Dhanunjaya, A. P. Pathak, and S. V. S. Nageswara Rao “Growth rate and thickness 

dependent phase change in HfO2 thin films prepared by RF magnetron sputtering 

method”, (Manuscript under preparation). 

List of Attended Conferences 

1. Attended and performed an oral presentation in 4th international conference Nano 

Structuring by Ion Beams (ICNIB-2017) organized by Devi Ahilya University at 

Indore, M.P, India, during 11th to 13th October 2017.  

2. Attended and performed an oral presentation in 24th Conference on Application of 

Accelerators in Research and Industry (CAARI-2016) organized by University of 

North Texas, Sandia National Laboratories, and Los Alamos National Laboratory at 

FT. Worth, Texas, US during 30th October to 4th November 2016. 

3. Attended and presented the poster in Radiation Effects in Insulators (REI-18) 

Conference conducted by MNIT-Jaipur, Rajasthan and IUAC, New Delhi during the 

period of October 26–31, 2015. 

4. Participation and Poster presentation in the National Conference on Frontiers in Physics 

(FIP-2014) organized by School of Physics at University of Hyderabad during 17th -

18th October 2014. 

5. Participated and worked as a volunteer in AP Science Congress 2013, at UoH, 

Hyderabad from 14th to 16th November 2013. 

6. Participation and Poster presentation in the National Conference on Frontiers in Physics 

(FIP-2012) organized by School of Physics at University of Hyderabad during 27th -

29th September 2012. 


