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Abstract

In this thesis, the effects of electronic excitation induced by Gamma irradiation, Swift Heavy lon

(SHI) irradiation and Laser annealing on the structural and electrical properties of HfO. thin films
have been studied. Further, an array of high density gold nanoparticles have been produced on the
surface of HfO; thin films, without modifying the phase of HfO using a non-thermal laser
annealing technique. HfO. thin films used in this study were deposited on high mobility and/or
wide bandgap semiconductor substrates by using Radio Frequency (RF) magnetron sputtering and

e-beam evaporation techniques.

As expected, thermal annealing has introduced monoclinic phase in otherwise amorphous HfO>
thin films which resulted in an increase in the leakage current density of the HfO> based Metal
Oxide Semiconductor (MOS) structures. A systematic increase in leakage current density indicates
the production of defects in HfO> thin films with increasing gamma irradiation dose. SHI (120
MeV Ag) irradiation resulted in a systematic increase in the grain size and increase in the
roughness of the HfO: films. As-grown HfO> thin films are amorphous in nature. lon induced
phase transformation of HfO> thin films from amorphous to monoclinic and tetragonal phases have
been observed. The influence of Poole-Frenkel (PF) and Fowler-Nordheim (FN) tunneling
processes have been investigated by examining the Leakage current-Voltage (I-V) characteristics.
The tunneling mechanisms revealed the existence of defects in the as-grown HfO: films. lon
induced defect annealing has been observed below the critical fluence (5x10%2 ions/cm?) which
resulted in decrease of the leakage current density. Whereas ion induced defect creation and
radiation damage have been observed above the critical fluence, which resulted in an increase in
the leakage current density. Further, an array of high density gold nanoparticles has been produced
on the surface of HfO, thin films without modifying the phase of HfO, by subjecting the Au/HfO;
bi-layers to laser annealing. Applications of these Au nanoparticles to Surface Enhanced Raman

Spectroscopy (SERS) and floating gate type memory devices have been discussed in detail.

This study will provide useful information for understanding the effects of electronic excitation on
the structural and electrical properties of HfO> thin films deposited on various technologically

important semiconductor substrates for fabricating tunable and radiation harsh electronic devices.

Xiv
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Introduction and Motivation

This chapter outlines the introduction, motivation and aim of the present thesis work. We explain
here the significance of the choice of materials which are presently used and suggest the research
requirements in the cutting edge of the current research field. The literature survey offers
comprehensive information about the current knowledge in this area. This chapter concisely
elucidates the importance of the present work and promising areas in which this thesis is to build
up.
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1.1. Introduction

The enormous development in the microelectronic technology to enhance the performance of
integrated circuits, predominantly in recent Metal Oxide Semiconductor Field Effect Transistor
(MOSFET) based microelectronic devices, and the consequent down-scaling of transistor size has
led to an exponential growth in the transistor count per chip to follow the law predicted in 1965 by
the cofounder of Intel, Gorden E. Moore [1, 2]. On the other hand, this increase in the number of
transistors and device scaling may result in several problems due to various issues associated with
heat generation within the device and extreme power consumptions by the integrated circuits [3-
6]. Hence, the modern microelectronic device technology is searching for the alternative materials
to boost-up the device performance, particularly by replacing gate oxide and semiconductor
materials and novel device structural design in place of standard silicon based CMOS devices. In
order to overcome these difficulties, more than a decade of research and improvement has been
accompanied by many research groups to be ready with the alternate possibilities to carry on down-
scaling. The diverse methodologies such as replacing standard gate oxide by the high - k dielectric,
as well as replacing the silicon substrates with advanced high mobility channel semiconductors
like I11-V group and I11-VI group compound semiconductors such as GaAs, GaN, GaSb, InAs and
Ga03 etc. have been proposed [7, 8]. In standard Silicon CMOS technology, reduction of SiO;
layer thickness leads to an increase in the leakage current density by some orders of magnitude
which may be objectionable for low power device applications [9, 10]. To avoid the leakage
current due to tunneling, thicker gate oxide layers are mandatory. As the oxide layer becomes
thicker, the electrical characteristics of a transistor have to be maintained by introducing new gate
oxide materials with higher dielectric constant (k) which is directly proportional to the capacitance
density (C/A), whereas capacitance density is inversely propositional to the dielectric layer
thickness. SiO2 had been replaced by HfO- (dielectric constant 18-25 and band gap 5.8 eV) as the
gate oxide in some advanced CMOS transistors for the first time by Intel in 2007. It is important
to note that, in Silicon CMOS technology, use of Si as the standard semiconductor was encouraged
because it has outstanding interface properties with the dielectric SiO2 [11]. However, in
microelectronics community, standard gate oxide SiO. has been replaced by HfO> [12]. As
discussed above, for further device scaling, it is presently followed by an attempt to replace the Si
with superior high mobility semiconductors. Among the many compound semiconductors GaAs

attracted the attention in recent years due to its higher electron mobility. The electron mobility of

2
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GaAs is around six times greater than that of Si, which makes it an attractive substrate for the

future high-speed applications in CMOS devices [13].
1.2. Development of semiconductor based devices

The invention of the bipolar transistor by William Shockley, Walter Houser Brattain and John
Bardeen in the year of 1947 and invention of the solid-state based amplifier, created a revolution
in the semiconductor-based device technology. Later in 1958, the first demonstration of integrated
circuits by Jack Kilby and in 1960, the first fabrication of MOSFET by Dawon Kahng and
Mohamed M. Atalla have provided the origin for the development of microelectronic devices.
After that, the MOSFET became the heart of every integrated circuit in the application of memory
devices and micro-processors. Furthermore, the down-scaling of transistor size improved the
device performance with cost effectiveness and efficiency in power consumption. The transistor
size feature has scaled-down from 10 pm to ~5 nm in the last five decades as an outcome of scaling
by the micro-electronics community [4, 5, 9, 14] to follow the Moore’s law (the transistor count
on a chip would double for every two years) predicted in 1965 by Gorden E. Moore [1]. Moore’s
law plot of transistor count per chip and transistor size feature as a function of year are shown in

Fig. 1.1 and Fig. 1.2 respectively [15].

Moores law
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Fig. 1.1: Moore’s law plot of transistor count per chip as a function of year [1].
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Intel introduced the first 10 um technology micro-processor — 4004 with transistor count of only
2300 in the year of 1971. In 1972, the transistor count per chip increased to 3500 for micro-
processor 8008 and it increased to 42 x 10° in the year 2000 for Pentium 4. Further, Intel has
showed numerous developments such as 90nm technology in 2002 [16]. Up to a transistor count
per chip of 188 x 108, the microelectronics community was able to follow the Moore’s law with
60 nm feature transistor size. In 1980’s the microelectronics community moved from existing bi-
polar Si based transistor to complementary Metal Oxide Semiconductor (CMQOS) based planar
transistor technology. CMOS based planar transistor technology has continued more than three
decades as a leading technology. Now, the major challenge is that the CMOS based transistor size
scaled down to few nm, which results physical complications like poor reliability and high leakage
currents due to tunneling. This high leakage currents can cause high power consumption and
damage the device due to joule-heating [3, 5, 6].

10

-
1l

0.01 4

Transistor Feature size (um)
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1E-3 ; . : . - | - . - |
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Fig. 1.2: Transistor feature size as a function of year [15].

In 2007, the introduction of hafnium oxide (HfO.) as gate oxide in some advanced CMOS
transistors and fabrication of 45 nm technology processors by Intel, encouraged the

microelectronics community to attempt further device scaling.
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1.3. Significance of high-k gate dielectrics in microelectronics

The extreme improvements in the performance of microelectronics memory devices have been
possible by scaling down the feature size of the devices, which results in physical complications
like poor reliability and high leakage currents due to tunneling. In standard Silicon CMOS
technology, for every 0.2 nm reduction of SiO> layer thickness, the leakage current will increase
by around one order of magnitude [9, 10]. To avoid the leakage current due to tunneling, thicker
gate oxide layers are mandatory. As the oxide layer becomes thicker, the electrical characteristics
of the transistor have to be maintained by introducing new gate oxide materials with advanced
dielectric constant (k) which is directly proportional to the capacitance density (C/A), whereas
capacitance density is inversely propositional to the dielectric layer thickness. The performance of

a memory device is measured in terms of capacitance density (C/A) as given by the equation 1.1.
Capacitance density (¢/,) = eok/d (1.1)
ox

In this equation, dox is the thickness of high-k dielectric oxide layer, €. is permittivity in vacuum

and area of the top metal electrode is A.

This scaling down of the device size demanded radical reduction of the standard gate oxide SiO>
layer thickness to realize advanced capacitance densities. This reduction of the gate oxide layer
thickness has now reached the limit with arising of severe problems like higher leakage current
due to quantum tunneling. At this basic minimum thickness, the gate oxide will no longer be
capable to efficiently resist the leakage current. In addition to the leakage current, reliability is also
a severe problem due to down-scaling. The reliability requirements are much challenging than the
requirements for leakage current density. To overcome these problems due to down-scaling, the
ultimate solution is to replace the standard gate oxide SiO2 (k ~ 3.9) with a advanced dielectric
material which can offer the lower Equivalent Oxide Thickness (EOT — the required thickness of
the standard SiO> gate oxide to attain the capacitance density equivalent to that of high-k dielectric

material) with increased layer thickness given by,

Equivalent Oxide Thickness (EOT) = 3.9 dox/k (1.2)
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In past few years, researchers have made several efforts to find some capable high-k dielectric
constant materials such as TiO, ZrOz, Al.O3, Ta20s, HfO2, Gd203, La203, Y203, Nb2Os etc. to
replace the standard gate oxide SiO, [17, 18]. Another advantage of SiO> was that it can be grown
conveniently by oxidizing the Si. In contrast, the high-k dielectric layer must be grown by one of

the physical vapor deposition techniques only.
1.4. Requirements for suitable advanced dielectric constant materials

The major material and electrical requirements [5, 19, 20] for suitable advanced dielectric constant

materials to replace the standard gate oxide SiO> are:

» High dielectric constant (k)

> Higher energy band gap with good barrier height to semiconductor and metal gate to ease
the leakage current density

Good kinetic and thermal stability

Lower oxygen diffusion coefficients

Lower defect densities in bulk high-k dielectric films

Good reliability with extended life time.

YV V. V VYV V

Compatible with existing CMOS device fabrication method
1.5. High-k dielectric materials

The choice of a high-k dielectric oxide with greater ‘k’ value than that of standard gate oxide SiO-
can offer the EOT with increased layer thickness. A number of high-k dielectric materials were
recognized as possible appropriate materials to replace the standard gate oxide SiO,. However
many high-k materials did not have all the required material properties. It was realized that each
high-k dielectric material has one or the other drawback with its material properties. Searching for
the good high-k dielectric material with all desired material properties is not an easy task. Various

leading advanced dielectric constant materials and their material properties are listed in Table 1.1.

After a thorough investigation of these high-k dielectric materials, the observed disadvantages
inherited by each high-k candidate have resulted in choice of HfO. with dielectric constant of 18-
25 and band gap of 5.8 eV as capable with advanced material properties to replace standard gate

oxide SiO- in the new generation advanced MOS devices [21]. HfO2 has numerous advantages
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over SiO2 such as significant heat of formation i.e. 271 kcal/mol, high refractive index of around
2, UV to IR transparent range and considerable thermal stability etc. [22]. These advantageous
material properties made HfO> as a considerably superior high-k dielectric material to be used as
a gate oxide in advanced MOS devices [23]. The balancing factors like low band offset of 1.5 eV
and high dielectric constant of 18-25 have conceded HfO- as an evolving material [24, 25]. As a
result, in microelectronics community, standard gate oxide SiO; has been replaced by HfO; as the

gate oxide in some advanced CMOS transistors by Intel in 2007 [26].

Material Eg (eV) C(E)r:i(:r:]ttri((l;() Crystal Structure Ref.
SiO2 9 3.9 Amorphous [5]
TiO2 3-3.5 30-100 Tetragonal [5,14,27-29]
ZrO; 5.8 25 Monoclinic, Tetragonal, Cubic [30-32]

Al2O3 8.7 8.5-10.5 Amorphous [33-36]
Ta20s 4-4.5 20-35 Orthorhombic [37-40]
Gd20s 54 12-23 Amorphous

LaxO3 4.3 27 Hexagonal, Cubic [5,41]
Y203 5.6 12-20 Cubic [5,42]
Nb2Os - 50-200 - [43-45]
SizN4 5 7.5 Amorphous [5]
HfO- 5.8 18-25 Amorphous, Monoclinic, [30]

Tetragonal, Cubic

Table 1.1: Leading advanced dielectric constant materials and their material properties.

HfO- is mainly known to exist in three crystallographic phases at ambient pressure depending on
the temperature. It exists in monoclinic phase (m-HfO2) in the temperature range of room
temperature (RT) to 1700 °C, transforms to tetragonal (t-HfO,) at higher temperatures greater than
1700 °C and at very high temperatures greater than 2600 °C, it becomes cubic (c-HfO,). The

crystallographic phases of HfO2 and phase diagram are shown in Fig. 1.3 and Fig. 1.4 respectively
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and corresponding lattice parameters are listed in Table 1.2. Some important material properties

of HfO» are listed in Table 1.3.

(b)

(c)

Fig. 1.3: HfO> crystallographic phases (a) Monoclinic, (b) Tetragonal and (c) Cubic [46].
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Fig. 1.4: HfO Phase diagram [47].
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Hf Il hi i
Oz crystallographic Temperature Lattice Space Ref.
phase parameters group
a=5.117 A
o b=5.175 A
Monaoclinic RT to 1700 °C P2i/c [48]
c=5.290 A
$=99.77
a=5.14 A
Tetragonal >1700 °C P4>/nmc [49, 50]
c=5.25 A
Cubic >2600 °C 5.08 A Fm-3m [51]

Table 1.2: Phase transition temperatures and corresponding lattice parameters of HfO5.

Dielectric constant (k) (18-25)
Density 9.68 g/cm?®
Energy Band gap (Eg) 5.7eV
Specific Heat Capacity 120 J/kg-K
Refractive Index ~2
Electron mean free path 9.2nm
Melting point 3000° K
Boiling point 5500° K
Thermal Conductivity 1.1 W/m K
Youngs module 57 GPa
Thermal Expansion 6.0 pm/m-K
Linear expansion 5.8X10° /k
Thermal Diffusivity 0.95 m?/s

Table 1.3: Some important material properties of HfO2 [21].
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It is important to note that, in Silicon CMOS technology, use of Si as the standard semiconductor
was encouraged because it has outstanding interface properties with the dielectric SiO; [52].
However, in microelectronics community, standard gate oxide SiO> has been replaced by HfO>
[53]. For further device scaling, it is presently followed by an attempt to replace the Si with
superior high mobility semiconductors. Among the many superior semiconductor materials, 111-V
group and I11-VI group compound semiconductors such as GaAs, GaN, GaSh, InAs and Gaz0s
etc. are capable to attain the future high speed devices with good electrical characteristics [54, 55].
These compound semiconductors attracted the attention in current years owing to their higher
electron mobility and wide band gap which makes them an attractive substrates for the new

generation high-speed applications in CMOS devices [56].
1.6. The MOS capacitor/diode

MOS diode/capacitor is the key structure of the MOSFET technology. It has the following
structure as shown in Fig. 1.5. MOS structure consists of a semiconductor substrate on which a
layer of dielectric material is deposited with thickness ‘d’. On top of this dielectric layer, metal
electrodes are deposited as top contact and another metal electrode like conductive Ag paste used
underneath the semiconductor substrate as bottom contact.

Top contact
Metal electrodes

P
O ol o

d Oxide layer

$ Bottom contact

Fig. 1.5: The schematic structure of the MOS capacitor/diode.

As mentioned in the previous section 1.3, the memory performance of MOS capacitor is measured

in terms of capacitance density (C/A) as given by the equation 1.1.
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Fig. 1.6: The band diagram of an ideal MOS capacitor/diode [57].

The band diagram of an ideal MOS diode at equilibrium condition is shown in Fig. 1.6 where e¢m
and egs are work functions of metal and semiconductor respectively. ey is electron affinity and d
is thickness of the dielectric oxide layer. At the thermal equilibrium state, without any bias applied,

the Fermi levels of both materials (the metal and the semiconductor) are aligned.
For an ideal MOS diode:

= Without any bias applied, the difference in the energy between the metal work function
and the semiconductor work function is zero (called as flat-band state).
= The only charges which present in the structure at any applied bias are on the metal surface

and in the semiconductor.

In general, there are three types of conditions that are known in MOS structure, depending on the
positive or negative applied bias as shown in Fig. 1.7. Here, a MOS capacitor/diode is fabricated
using a p-type semiconductor. When a negative bias is applied to the MOS diode, no current runs
so that the semiconductor Fermi level is constant. In this situation, the bands bend upwards and
extra holes are prompted at the interface between semiconductor and oxide. Since Ei-Er increases
at the surface of semiconductor, holes accumulate (see Fig. 1.7(a)). This is known as the
accumulation condition. With a minor applied positive bias, the majority carriers (holes) are

depleted and the bands bend in downward direction (see Fig. 1.7(b)). This is known as the
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depletion condition. With further increasing applied positive bias, the intrinsic fermi level (Ei)
crosses the fermi level by further bending of bands (see Fig. 1.7(c)). This is identified as the

inversion condition.

(a) 1w (©

== E,

Er A p-type l':i

V<o t s f.f
R v>o |/

Fig. 1.7: Band diagrams of an ideal MOS capacitor/diode under negative and positive applied

bias (a) accumulation condition, (b) depletion condition and (c) inversion condition [57].
1.6.1. Leakage current — Voltage (1-V) characteristics

Examination of 1-V characteristics is used to study the leakage current conduction mechanisms of
MOS capacitor/diode through the gate oxide. The choice of gate dielectric material depends on the
quantity of leakage current density through the MOS device, which decides its capability for
practical applications. Although the dielectric oxide is an insulating material, it conducts minor
leakage current depending on the applied voltage. With increase in the applied voltage above the
breakdown of the corresponding dielectric oxide layer, it turns into conducting layer which results
in an increase in the leakage current density. However, it is essential to know the cause of
conductivity in dielectric oxide materials. Mostly, the conduction mechanisms in the dielectric
oxide materials are classified as Electrode and Bulk Limited Conduction mechanisms (ELC and
BLC respectively). The ELC is due to Schottky Emission (SE) mechanism, Direct Tunneling (DT)
mechanism, Fowler-Nordheim tunneling (FN) mechanism and Thermionic Field-Emission
mechanism, whereas BLC is due to Ohmic conduction, lonic conduction, Poole-Frenkel tunneling
(PF) mechanism, Space Charge (SC) limited conduction mechanism, Trap Assisted tunneling
(TAT) mechanism or Hopping conduction mechanism and Grain Boundary (GB) limited
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conduction mechanism (see Fig. 1.8). The ELC and BLC are dependent on the metal-oxide

interface electrical properties and oxide material dielectric properties respectively.

Leakage current conduction mechanisms

l l

Electrode Limited Conduction (ELC) Bulk Limited Conduction (BLC)

l l

+* Schottky Emission (SE) ++ Ohmic conduction

++ Direct Tunneling (DT) +¢+ Ionic conduction

+ Fowler-Nordheim tunneling (FN) % Poole-Frenkel tunneling (PF)

++ Thermionic Field-Emission ++ Space Charge (SC) limited conduction

¢+ Trap Assisted tunneling (TAT)

++ Grain Boundary (GB) limited conduction

Fig. 1.8: Leakage current conduction mechanisms [57].

¢+ Direct Tunneling:

EF ; —
7%
V E-
v L-_ EF
E,

Metal Oxide Semiconductor

Fig. 1.9: Band diagram of DT conduction mechanism [59].

13



Chapter-1

The leakage current conduction due to direct tunneling is responsible when the electrons directly
tunnel through the dielectric layer and is relevant to the high-k gate oxides with thickness of less
than 6 nm [58]. Band diagram of direct tunneling conduction mechanism is shown in Fig. 1.9 and

expression for leakage current density due to direct tunneling is given by [59],

q3 4./2m} o /2 1 Qv 2
O*’b _— 1—(1—£> ] (13)

= ————F? —_—
Ior = Tomtne, xXPY T3 hg  EL

% Fowler-Nordheim tunneling:

The leakage current due to FN tunneling is observed, when the applied bias is effectually more so
that the barrier of dielectric oxide becomes triangular in shape and at the edge of the triangle the
barrier becomes thinner than the original barrier. At this high applied voltage, the electrons can
tunnel easily through this thinner triangular barrier and leakage current increases exponentially.
Band diagram of FN tunneling conduction mechanism is shown in Fig. 1.10 and expression for

leakage current density due to FN tunneling is given by equation 1.4 [60].

1
A

Metal Oxide Semiconductor

Fig. 1.10: Band diagram of FN tunneling conduction mechanism [60].

3/
3 * 2
q 4./2m3, D 1
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% Poole-Frenkel tunneling:

The leakage current in dielectric oxides due to PF tunneling is mainly attributed to the presence of
defects in the dielectric oxide layers. These defects in the dielectric oxide layers act as charge
trapping centers and confine the charges by creating potential wells. In this mechanism, conduction
is mainly due to the emission of confined electrons from the trap to the conduction band of the
dielectric oxide. Band diagram of PF tunneling conduction mechanism is shown in Fig. 1.11 and

expression for leakage current density due to PF tunneling is given by equation 1.5 [61].

i

Q?H
s
T

E(‘

L - - _El"

E,

Metal Oxide Semiconductor

Fig. 1.11: Band diagram of PF tunneling conduction mechanism [61].

P - Fox
Jpr = EFpxexp I_(]E+\/_ (1.5)

In these equations, Fox is the electric field through the dielectric layer HfO2 and & (value in between
1 and 2 which is constant) is the factor obtained by acceptor compensation. Other well-known
constants are like Boltzmann’s constant (K), Charge of electron (q), Temperature (T) and reduced
Planck constant (h). Here, ®p is the barrier height among the conduction bands at the
semiconductor-gate oxide interface, mox is the effective mass of electrons in the dielectric layer

and Vo is the applied voltage through the dielectric oxide.
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1.6.2. Capacitance — Voltage (C-V) characteristics

As discussed above, In MOS structure there are three types of conditions: accumulation, depletion
and inversion. These are known to be operative depending on the positive or negative applied bias.
Variation in the applied frequency (low-high) results in difference in C-V curve in these
conditions. When a negative bias is applied to the MOS diode, accumulation of holes takes place
which results in maximum capacitance. With decreasing negative bias (small positive bias),
formation of a depletion layer takes place which results in a decrease in the capacitance. With
further increasing applied positive bias, weak/strong inversion takes place depending on the
surface concentration of electrons. This inversion can be observed only at lower frequencies as the
generation rate of electrons is fast at this frequency and deep depletion can be observed at higher

frequencies as shown in Fig. 1.12.

Accumulation
Deplet-| W tr
1.0 'izgnc ll\:\%} ?m(')el:'-gf
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3 08— (Flat band)
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-V -— 0 —
Applied voltage V

Fig. 1.12: MOS capacitor (p-type) C-V characteristics with flat-band voltage (V) = 0 at different
frequencies (a) lower frequency, (b) intermediate frequency, (c) higher frequency and (d) higher

frequency with a fast sweep [57].
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1.6.3. Effects of defects

In MOS structure, the interfaces between metal-oxide and oxide-semiconductor play an important
role in the electrical performance of the MOS device. These interfaces are expected to contain
interface trapped charges and oxide charges. Four kinds of charges namely mobile ionic (Qm),
fixed oxide (Qs), oxide trapped (Qot) and interface trapped (Qit) charges are known in MOS
structures as shown in Fig. 1.13.

mobile ionic charge (Q,,)

oxide trapped charge (Q,,)

fixed oxide charge (Qy)
X X X X X X X

interface trapped charge (Q,)

Fig. 1.13: Charges related with the MOS structure [57].

The mobile ionic charges (Qm) are observed because of alkali ions and heavy metal ions. With a
applied bias to the metal gate, these charges transport through the dielectric oxide which result in
flat band voltage shift in the C-V hysteresis curve of the MOS capacitor. Fixed oxide charges (Qx)
typically originate from the dangling bonds which are positive charges and found nearby the
oxide/semiconductor interface. These charges are fixed and immovable with applied voltage bias.
These charges also result in the flat band voltage (V1) shift depending on the positive or negative

charges as shown in Fig.1.14.
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Fig. 1.14: C-V curves of the MOS capacitor due to

(a) positive and (b) negative fixed oxide charges [57].

Oxide trapped Charges (Qot) are defects that are present in the dielectric oxide layer which can

confine the holes/electrons or both. These charges may be minimized by annealing the dielectric

oxide layer. These charges can affect the threshold voltage (Vi) of the MOS capacitor by trapping

the charge carriers. The interface trapped charges (Qit) are positive or negative. When the interface

loses electrons, the positive charges are observed while negative charges are observed with gaining

of electrons. These charges have the electrical communication with the semiconductor. Depending

on the surface potential, these traps can be dis-charged or charged. With the applied voltage,

variation of charge of the interface traps takes place which results in variation in the C-V

characteristics as shown in Fig. 1.15.

\

Ideal C-V

-— Curve

Fig. 1.15: C-V characteristics of MOS capacitor with fixed oxide charges and interface trapped

charges [57].
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It may be possible to generate or anneal the interface/oxide trapped charges inside the dielectric
oxide by ionizing radiations. As discussed earlier, high-k dielectric HfO, has gained some
importance in modern integrated circuit (IC) technology [12, 17, 26]. However, some of its
material properties are still under investigation for better understanding as it has found numerous
applications not only in advanced microelectronics but also in other fields [62, 63]. Furthermore,
the detailed studies on the effects of ionizing radiations, low/high energy ion irradiation, gamma
irradiation and device reliability are essential for long-term device usages, especially when these
devices are used in radiation harsh environments. Moreover, ion irradiation studies also help to
obtain the necessary data to improve the electrical properties of these high-k dielectric based MOS
devices. Some transitory discussions about the fundamentals of ion-solid interactions and studies

on ion beam irradiation of solid-state devices are summarized below.
1.7. Fundamentals of ion-solid interactions

In Physics, the research related to energetic ion-beams ages back since more than a hundred years.
In the year of 1911, the ion-beam related study started with Rutherford’s well-known gold-foil
experiment [64]. In the year of 1932, development of the Cockcroft-Walton accelerator by John
Cockroft and Ernest Walton and studies on the transformation of Lithium to Helium due to
energetic proton irradiation [65] attracted the attention of researchers towards understanding the
fundamentals of ion-matter interactions. When an accelerated ion with high/low energy is incident
on a solid material (target material), the interaction between the ion-nuclei or ion-electrons
contingent on the energy. The interaction between the ions and electrons is significant when the
velocity of incident ion is equivalent or greater than Bohr velocity of the electrons [66, 67]. The
interaction between the ions of low energy and the target material (nuclei) is generally by elastic

collisions. In this case, the energy lost by incident ions in this collisions is termed as nuclear-
dE

energy loss [Sn or (E)nuc]. The interaction between the ions of high energy and the target

material (electrons) is generally by inelastic collisions and the energy lost by incident ions in these
dE
dx

collisions is called electronic energy loss [Se or (—) ] which results in the ionization and

ele

excitation of electrons in the target material. The projected range (Rp) of the ion in solid, Sy and Se
depend on the accelerated ion and target solid material. The projectile ion energy, its mass and
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charge as well as the density and charge of the target material play important role in these ion-

solid interactions as illustrated here:

(Z‘i)mml = (Z‘i)elec + (Z‘i)nuc = —Ne(E) (1.6)

The actual values of Rp, Sh and Se due to interactions between the known ion and target materials
can be estimated by using a well-known numerical simulation program called Stopping & Range
of lons in Matter (SRIM) [68]. The energy of the backscattered ions from the bulk of the target
material deep below the surface will be less as compared to that of backscattered ions from the
surface of target material owing to the Se. The Sy is governed by the elastic collisions between the
accelerated ion and atoms of the solid target material (see equation 1.7). The kinetic energy and
momenta before and after the interaction are conserved in elastic collisions.

®),,- . (g

dx VvZM, bmin

Where My, v and Z; e are the incident ion mass, velocity and charge respectively. Z> and M e are
the charge and mass of the target atom respectively. The S is ruled by the inelastic collisions (see
equation 1.8). In this process, the energy of the incident ion is shared to electronic subsystem of
the target material. This process results in ionization and excitation of electrons in the target
material according to

dE ZZet bmax
(- Dete = (Foaa) * (In 22 (18)

2 .
v binin

% Ifenergy is in the range of few eV, it may possibly be absorbed into the target or it may bounce
off from the surface of the target material. In this energy range, momentum of the accelerated

ion is not sufficient to affect the atomic bindings of the target material.

¢ If energy is in the range of ~ 5 eV to ~ 5 keV, subsequent momentum transfer between the ion
and target material results in the desorption, ionization of electrons and sputtering of the target
surface. The atoms at the surface are ejected from the surface when the kinetic energy of the
incident ion is sufficiently more than the binding energy. Mostly, the elastic collision results

in sputtering, whereas inelastic result in the charge exchange and ionization.
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% If energy of the incident ion is in between ~ 5 keV to few MeV, it passes into the bulk of target

material and shares the energy by elastic or inelastic scattering. In this energy range, the

scattering results in production of secondary electrons and phonons. The projected range (Rp)

of accelerated ion be governed by the energy of the accelerated ion and density of objective

material. Usually ion projected range varies from few nm to pm. This results in lon

Implantation which is most important phenomena in the fabrication of semiconductor devices.

%+ The accelerated energetic ions shares the energy to the target atoms by two main processes

1) Nuclear energy loss (Sn): energy transferred to the atoms of the target.

2) Electronic energy loss (Se): energy transferred to the electrons of the target.

lon irradiation results in sputtering of the target surface atoms, ionization, creation of defects and

modification of vacancy/charge states.

1.7.1. Radiation induced damage

Displacement: In low energy ion irradiation, the atoms of the target are relocated to several
lattice sites away from their original lattice sites which affects the electrical properties. This
results in the formation of several types of point defects. This displacement damage due to

ion irradiation can be estimated using SRIM analysis.

lonization: Depending on the energy, the energetic ions ionization occurs which results in
charge carriers. These mobile charges travel around the material and get trapped which
results in regions of the intense charges and consequently dependent fields. This effect is
independent of radiation type. For creating EHPs in a piece of silicon by photon, its energy
must be greater than the silicon energy band gap. Hence, the energy depends on the material
properties as Si Eg > 1.1 eV and SiO; Eg > 9 eV. The damage due to ionizing radiation in
insulators is indicated as total dose [69, 70]. The total dose is an amount of energy deposited
in the target material by ionizing process which is estimated in the units of Gray or Rad (1
Gray = 100 Rad). The number of EHPs created through ionization is directly proportional

to the total dose of radiation.
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1.7.2. Swift Heavy lon irradiation (SHI)

SHI irradiation has imperious impact on electrical and structural properties. SHI irradiation can be
used for the synthesis and characterization and modification of materials [71-79]. This is a well-
established procedure, used for material characterization and modification in the nanometer region
due to its spatial selectivity [80-82]. This technique is more useful because of good control of
irradiation fluence and energy of incident ion. SHI irradiation can achieve energies in the range of

MeV/u and these energetic ions can travel with 15% of light velocity.

As discussed, in SHI irradiation, the interaction of heavy ions with target material results in energy
loss to both atomic nuclei and electrons in the target material. At lower energies (< 0.5 MeV/u),
nuclear energy loss (energy transfers to atomic nuclei) dominates, which leads to the displacement
of target atoms via elastic scattering. For higher energies (> 0.5 MeV/u), electronic energy loss

dominates, which leads to local ionization [83] and damage production [84] in the target material.
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Fig. 1.16: Stopping power calculations of ions using the Monte-Carlo software (SRIM) [68].
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The consequent energy losses produce damage in the cylindrical zone all through the ion path
which is known as ion track. The formation of ion tracks depends on the material and energy of
the ion and the diameter of the tracks ranges between few nm to several nm. The ion tracks with
nanometer diameters formed due to SHI irradiation has been used in wide range of nanoscience

applications [85, 86].

In the process of SHI irradiation, when an ion passes through the target material, it deposits a very
huge amount of energy to the target atoms in the form of electronic and nuclear energy losses,
which results in inter-diffusion/inter-mixing at the interface [87, 88]. Stopping power calculations
of ions using the Monte-Carlo software (SRIM) with the energy ranging from 10 keV to 10 GeV
is shown in Fig. 1.16.

There are few models explaining the mechanism of energy transfer in between the ion and solid
material and the key prominence in these models is on describing the transfer of energy from the
incident ion to the target material. Thermal spike model explains about the lattice heating, which
results in melting of target material along the ion path, vaporization of the target material and

subsequent thermal quenching via formation of ion tracks as shown in Fig. 1.17.

Fig. 1.17: The schematic of the formation of the latent track due to SHI irradiation [84].

1.7.3. Thermal spike model

Thermal spike model [89] is known to elucidate the structural changes and track formation in the
target materials. This model is also responsible for the ion induced annealing/creation of defects
and ion induced phase transformations of the target material. These are explained by considering
the atomic and electronic systems separately. It describes the transitory energy converted in to the
thermal energy. The high energetic ions initially share their energy with the electrons of the target
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material by the prominent ionization process. The electronic energy loss deposited through ion
irradiation can bring the material up to melting temperatures within timescales of picosecond

within the effective region [90-94].

In this model, two coupled differential equations given below are used to estimate the evolution

of electronic and lattice temperatures.

oT, 10 aT,
Bt = e e ]~ 9T~ T+ A0 (9
oT, 10 9T, _
a5t rar[r“ar]Jr‘g(e 2 (110

In these equations, Ce and Ca are the electronic and atomic specific heats respectively. Ke, Ka are
the thermal conductivities. Te and Ta are temperatures of the electronic and atomic systems. r and
g are the radial distance and electron phonon coupling parameter respectively.

1.8. SHI irradiation induced crystallization

lon beam irradiation technique is known to crystallize the high-k dielectric materials in the nm
region by raising its temperature up to melting point. The defects (O-vacancies) that are created
through the irradiation, generate strain field in the target material and this generated strain field is
responsible for the phase transformations in high-k dielectrics [95]. Some studies suggest that SHI
induced phase transition depends on the primary phase of the target material and irradiation
conditions like energy and radiation fluence. SHI irradiation induced amorphous to monoclinic
and then monoclinic to tetragonal phase transformations of ZrO. and HfO> dielectric oxides have
been reported [96, 97]. ZrO2 and HfO> exhibit various crystallographic phases at ambient pressure

depending on the temperature.
1.9. Floating gate based flash memory devices

In flash memory devices, an electrically floating metal gate is there within the gate oxide [98]. In
1967, a polysilicon-based floating gate type flash memory was invented by D. Kahng and S. M.
Sze [99]. This will certainly increase the dielectric loss and leakage current as compared to that of
an oxide without an embedded floating metal gate. However this gate is essential for getting the
memory feature. In current flash memory devices, a metal floating gate within the gate oxide and
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acommon gate on the top of the gate oxide are there. When a high Vs is applied, a huge avalanche
current flows during the set operation. This will induce a charge on the embedded floating gate.
Now this charge on the floating gate cannot escape even if the Vgs is removed. This charge will
turn the device ON and hence it is non-volatile. This charge can be removed only by applying
reverse voltage or by subjecting it to UV for erasing the memory. So an embedded floating metal
gate is required for fabricating these memory devices. Now this continuous floating gate is being
replaced by "isolated metal nanoparticles (NPs)" [100]. The dielectric loss will be less for the
device with isolated metal NPs based floating gate memory devices than that of a device with
continuous floating metal gate [101]. The floating gate based memory devices with embedded
metal NPs have the benefits of extensive range of work-functions, unconventional efficiency and
low operating voltages as compared to the memory devices with embedded semiconductor NPs
[102]. When an array of isolated NPs is used as a floating gate, then each isolated gate will store
the charge. This gate will hold the total charge even if few gates lose their charge over some
unwanted leakage paths. Hence, such a memory device will have superior retention characteristics
as compared to that of the devices which use continuous metal layer as an embedded floating gate
[101].

To increase the storage capacity and to improve the retention properties of these floating gate based
memory devices, integration of large work-functional metal NPs like Silver (Ag), Gold (Au) and
Platinum (Pt) in-between the two oxide layers has been reported [103]. Among these large work-
function metal NPs, Au NPs gained the consideration because they are easily produced, greater
density of states and large work function (5.1 eV), which produces deep potential well that avoids
retention loss of the devices and improves carrier confinement [104, 105]. For producing an array
of high density Au NPs, several thin film deposition techniques such as RF/DC Sputtering, electron
beam (e-beam) evaporation, Chemical Vapor Deposition (CVD) and Atomic Layer deposition
(ALD) have been used [106-109]. To achieve the uniform spherical NPs, post deposition Thermal
Annealing (TA), Rapid Thermal Annealing (RTA) and lon beam irradiation methods have been
used [110, 111]. Floating gate type memory devices with high density metal NPs will have large
charge storage capacity. On the other hand floating gate type memory devices with good uniform
metal NPs will help in enhancing the reproducibility of device properties [112]. TA and RTA
procedures have been widely used to produce Au NPs in-between two HfO> thin-film layers [113,
114]. However, the usual TA and lon beam irradiation procedures are known to crystallize the
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tunneling oxide layer which results in an increase in the leakage currents due to tunneling and can
deteriorate the device properties, in particular for modern alternate high-k dielectric oxides like
HfO [115-117]. Now, the main challenge is to produce an array of high density metal NPs without
affecting the phase of the underneath tunneling oxide layer. Non-thermal methods such as Laser
Annealing (LA) offer alternate technique to anneal layers of interest without altering the phase of

the substrates and/or the surrounding medium.
1.10. Laser Annealing

In recent years, the effects of electronic excitation by laser annealing/irradiation on various
properties has attracted significant attention [118, 119]. Laser irradiation/annealing induced defect
creation in oxides, crystallization and inter-diffusion/inter-mixing by using ultrafast lasers have
been reported [120-122]. Rittman et al. [123] reported the phase transition in ZrO, from
monoclinic to tetragonal phase by employing ultrafast laser irradiation and the results are
consistent with the phase transformations due to SHI irradiation [124]. Laser annealing is a capable
technique to produce metal NPs because it offers a high degree of control over the formation of
NPs and it has a benefit of defect minimization in the underneath tunneling oxide layer [125].
Furthermore, the laser annealing method can be used for producing some uniform high density
metal NPs in-between the gate oxide layers without modifying the phase of high-k dielectric
oxides. In 2016, Nikolaos Kalfagiannis et al. [126] suggested this method of Modifying NP Arrays
by Laser Induced Self Assembly (MONA-LISA) to yield the pre-determined patterns of metal
nanostructures. In 2018, L. Kastanis et al. [127] used laser annealing method to achieve uniformly
spaced Au nanocrystals (NCs) and developed n-Si/SiO2/Au-NCs/Y203/Au structured floating gate

type memory devices.
1.11. The objective and framework of the thesis

The main aim of this thesis is to report on the Thermal Annealing, Gamma irradiation, SHI
irradiation and Laser annealing effects on the structural, optical and electrical properties of high-k

dielectric HfO; thin films. In brief, the main motivations are:

1) To optimize the thickness of HfO> thin films on GaAs, GaOx/Si and Si substrates using RF

magnetron sputtering.
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2) To study the effects of Thermal annealing, Gamma irradiation, SHI irradiation and Laser
annealing on the structural changes and subsequent effects on the electrical characteristics

of HfO; thin films deposited on high mobility and wide bandgap semiconductors.

3) To fabricate a high density array of Au nanoparticles on the surface of HfO, without
altering the phase of HfO. by using laser annealing technique for SERS substrate and
floating gate type memory device applications.

This study will offer worthwhile information about the effects of electronic excitation on the
structural changes and subsequent effects on the electrical properties of HfO> thin films deposited
on high mobility and/or wide bandgap semiconductors for fabricating tunable and radiation harsh
electronic devices, as HfO, based MOS structures are expected to be used in many devices in
space, medical applications (radiological treatment equipment’s) and physics experiments

associated to high energy such as nuclear power plants.
Chapter-1: Introduction and Motivation

This chapter outlines the introduction, motivation and aim of the current thesis work. We explain
here the significance of the choice of materials which are presently used and suggest the research
requirements in the cutting edge of the current research field. The literature survey offers
comprehensive information about the current knowledge in this area. This chapter concisely

elucidates the importance of the present work and promising areas in which this thesis is to build
up.

Chapter-2: Experimental Details and Characterization Techniques

Chapter 2 explains the fabrication of the thin films, various material characterization techniques
and experimental facilities employed to investigate the present thesis work. HfO> thin films,
HfO2/GaOx, Au/HfO: bilayer films and Au metal contacts were deposited by using RF magnetron
sputtering, e-beam and thermal evaporation techniques in our department. Few as-deposited thin-
films of HfO2 were annealed in the temperature range of 200° C to 600° C in N2 atmosphere for
60 min. Furthermore, a set of samples were irradiated by ®°Co gamma (1.25 MeV) rays with dose
2 KGy - 64 KGy and another set of samples were subjected to SHI irradiation with 120 MeV Ag

ions using a Pelletron accelerator (15 UD tandem) at Inter University Accelerator Centre (IUAC),
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New Delhi, India. These samples were examined by Surface Profilometer, FESEM, GIXRD, XRR,
PL and optical spectroscopy available at University of Hyderabad while RBS measurements (using
2 MeV He?* ions at 165° of scattering angle at IUAC, New Delhi, India) have been performed on
these samples to estimate the thickness and elemental composition This chapter also explains the
working principle of 15 MV Pelletron accelerator. Electrical characteristics such as Leakage
current — Voltage (1-V) and Capacitance — Voltage (C-V) of HfO. thin films based MOS structures
have been performed by using Agilent B1500A semiconductor device analyzer at CFN, University
of Hyderabad. In principle, the specifications of the experimental facilities, fundamentals of

experimental techniques and characterization methods are discussed in detail.

Chapter-3: Effects of Thermal Annealing and Gamma Irradiation on the structural and

electrical properties of HfO2 films deposited on GaAs

Chapter 3 embodies the discussion about the optimization of film thickness deposited under
various deposition times to synthesize reproducible HfO. films with good quality using RF
magnetron sputtering deposition technique. Thin films of HfO, were synthesized on Semi-
Insulating GaAs substrates and the role of deposition time on the HfO> films have been studied.
Further, thin films of HfO> synthesized using optimized growth parameters were exposed to
thermal annealing and gamma irradiation. Effects of post deposition thermal annealing and gamma
irradiation on the structural changes and subsequent effects on the electrical properties of HfO>

films have been discussed.

Chapter-4: Effects of Swift Heavy lon (SHI) irradiation on the structural and electrical

properties of HfO2 thin-films deposited on GaAs

Chapter 4 provides a brief report on the SHI irradiation induced effects on grain agglomeration
and introduction of crystalline phases in otherwise amorphous HfO- thin films deposited on GaAs
substrates. These modifications in the films due to SHI irradiation were observed by performing
FESEM, PL, RBS, XRR and GIXRD measurements. An orderly increase in the size of spherical
grains and increase in the roughness of the films have been noticed. As-grown HfO thin films
exhibit amorphous nature. lon irradiation has introduced monoclinic and tetragonal phases in
otherwise amorphous thin films of HfO,. Further, Au/HfO,/GaAs based MOS structures have been
fabricated to study the effects of SHI irradiation on the electrical properties of these devices. The

leakage current conduction through the gate oxide has been studied using the Poole-Frenkel and
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Fowler-Nordheim tunneling mechanisms by examining the leakage current-voltage

characteristics.

Chapter-5: Effects of Swift Heavy lon (SHI) and Gamma irradiation on the structural and

electrical properties of HfO2/GaOx thin films

Chapter 5 provides a brief report on the SHI irradiation induced effects on HfO2/GaOx bi-layered
films synthesized on p-type Silicon (100) substrates. These modifications in the films due to SHI
irradiation were observed by performing FESEM, RBS and GIXRD measurements. As-grown
films contain highly strained inhomogeneous large grains. The average grain size decreases with
increasing fluence which is attributed to SHI induced grain fragmentation. lon-induced inter-
diffusion/inter-mixing of Hf and Ga elements has been observed which leads to the development
of inter-mixing of layers at the interfaces. Further, HfO./GaO./Si based Metal Oxide
Semiconductor (MOS) capacitors have been fabricated and the effects of SHI irradiation and
Gamma irradiation on the electrical properties of these devices have been discussed in detail.

Chapter-6: Effects of Laser Annealing on the structural and electrical properties of HfO2

and Au/HfOz2 bi-layered films deposited on Si

The main aim of this chapter is to report on fabrication of high-density arrays of gold nanoparticles
on the surface of HfO; thin films without altering the phase of HfO. using an athermal laser
annealing technique. HfO2 (~ 30 nm) thin films synthesized on Si substrates by e-beam evaporation
technique were exposed to Laser Annealing. Structural and electrical properties of pristine and
laser annealed HfO- thin films have been studied as a function of the number of laser pulses
incident on the sample. It is observed that pristine and laser annealed films are predominantly
amorphous in nature, though there are observable changes in their morphology. Further, Au (~ 5
nm) and amorphous HfO. (~ 10 nm) films deposited on Si by thermal evaporation and e-beam
evaporation methods respectively were subjected to Laser Annealing to produce an array of Au
nanoparticles. Here, it is necessary to note that the usual thermal annealing methods would modify
the phase of the HfO.. The structural modifications and optical properties of as-grown and laser
annealed gold nanoparticles have been studied by using FESEM, GIXRD and UV-Vis absorption
measurements. The leakage current conduction through the gate oxide with and without embedded

Au nanoparticles has been studied by several tunneling mechanisms by investigating the Leakage
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current — Voltage (I-V) characteristics. Memory performance of MOS structures with and without
embedded Au nanoparticles has been studied by Capacitance — Voltage (C-V) measurements.
Applications of these high-density Au nanoparticles in the fabrication of SERS substrates for
molecular detection and floating gate type memory devices have been discussed in detail.

Chapter-7: Conclusions and Scope of future work

This chapter encapsulates the total 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 and Characterization

Techniques

This chapter provides the details of the experimental methods, available facilities, fabrication and
characterization techniques that are used to complete the investigations of the current thesis work.
Complete experimental details used in various experiments are specified in the relevant chapters.
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2.1. Introduction

In this chapter, various Physical Vapor Deposition (PVD) techniques used for deposition of HfO>
thin films, HfO./GaOx, Au/HfO. bilayer films and Au metal contacts, post deposition thermal
annealing, gamma irradiation, SHI irradiation and laser annealing details and experimental
facilities that are mainly used in thesis work, have been discussed briefly. To fabricate thin films,
PVD methods such as RF/DC magnetron sputtering, electron-beam evaporation and thermal
evaporation were utilized. The working principles of the various characterization techniques are
pre-requisites to understand and analyze the data obtained from various characterization
techniques. The pre-plan and required irradiation experimental details play an important role in
the work. The samples were characterized by Surface Profilometer for estimating film thickness,
FESEM for surface morphology, GIXRD for crystal structure, XRR for estimating surface
roughness, PL for defect studies and RBS for estimating thickness and elemental composition of
the films. Electrical characteristics such as I-V and C-V of MOS structures have been performed

by semiconductor device analyzer.

To fabricate thin films, PVD is the most routine and popular method which has many advantages
like as good control of the growth parameters and uniformity etc. In PVD method, the solid target
material is sputtered/evaporated into the gaseous form by applying external power, and then gets
deposited as a film on the substrates in the form of solid. In this process, 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 builds up and leads to the formation
of a continuous film of desired thickness. The thickness of the film can be increased by increasing
deposition time. The deposition conditions at the time of PVVD process like distance between target
and substrate, deposition pressure, substrate temperature at the time of deposition, inert gas flow
rate, external applied power and target/source material density etc. play an important role in these
PVD systems. The Current thesis-work employed the well-known PVD methods such as RF
sputtering, e-beam and thermal evaporation to deposit HfO, thin films, HfO2/GaOyx, Au/HfO;
bilayer films and Au metal contacts.
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2.2. Physical Vapor Deposition systems

2.2.1. RF/DC magnetron sputtering technique

RF Sputtering is one of the most popular PVD process to deposit high quality thin films [1]. The
sputtering of target atoms occurs at a high vacuum (~ 10°® mbar). Basically, in this process the
inert gas (Ar) atoms are converted in to positive ions and electrons by acquiring energy from the
applied external power. The ionized Ar ions bombard the target surface and knock out the
atoms/molecules of the target material. These ejected atoms/molecules then get deposited as thin
film on the substrate by nucleation process. 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 to deposit metals and RF sputtering is
employed to deposit both metals and insulators. Among all the deposition processes, sputtering is
one of the most effective process to fabricate thin films of various materials. The disadvantage of
both RF and DC sputtering are the low ionization rate (~ 0.1 %) which results the poor deposition
rates. Another disadvantage of conventional sputtering is that it requires high inert gas pressure to

develop the plasma, which lowers the film quality.
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Fig 2.1: The schematic demonstration of RF sputtering [2].
The schematic image of RF sputtering procedure is shown in Fig. 2.1 [2]. The high strength
magnets fixed under the target material confine the energetic electrons in a spiral path. The

confined electrons lead to increase in the ionization rate (~ 0.1-1 %) which increases the deposition
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rate even at lower inert gas (Ar) pressures. After ionization, the positively charged Ar ions attain

energy in the range of 0.5-1 keV.

Vacuum

(a chamber R C! :
5 Ar gas

Substrate
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AN High vacuum

Target created by
Gun Turbo pump

L RF power

Fig. 2.2: (a) Schematic of RF/DC magnetron sputtering [2] and (b) picture of semi-automatic
RF/DC magnetron sputtering system.

The schematic and picture of the semi-automatic RF/DC magnetron sputtering system available at
SoP, UoH are shown in Fig. 2.2. As mentioned above, the deposition conditions at the time of
PVD process like distance between target and substrate, deposition (Ar) pressure, substrate
temperature at the time of deposition, inert gas (Ar) flow rate, and external applied RF power
determine and control the deposited thin film properties. Generally in DC sputtering, current is
varied from 0.5 Amp to 2 Amp whereas voltage is varied from 0.5 kV to 2 kV. In RF magnetron
sputtering, the power is used in the range of 30 W to 250 W depending on the size of the
target/source material. Inert gas (Ar) pressure is varied from 5 mtorr to 50 mtorr. Depending on
the required thin films both the Ar and O gases can be introduced into the deposition chamber to
achieve stoichiometry of the film. The advantages of the RF/DC magnetron sputtering method are:

high deposition rate at low deposition pressure, good film quality with enhanced reproducibility
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and good control over the deposition while the disadvantage is that it requires a target material
with lager diameter (~ 2-inch) and more thickness(~3 mm). For the present thesis work, the RF
magnetron sputtering system was initially optimized (w. r. t. deposition parameters) to synthesize
high quality reproducible HfO> thin films. Using the optimized deposition parameters, HfO> thin
films of various thickness and HfO2/GaOx bi-layer thin films were fabricated. These samples were
exposed to thermal annealing, gamma irradiation, SHI irradiation and laser annealing to study their

effects on the structural changes and subsequent effects on the electrical properties of the films.

2.2.2. e-beam evaporation and thermal evaporation techniques

Electron beam technique as well as thermal evaporation technique are two well-known PVD
methods used to deposit thin films of various materials [3]. In both methods the target material is
evaporated by applying external energy and the evaporated material travels from the source to
substrate and gets deposited as a film. In e-beam evaporation, beam of intensive electrons is
focused towards the target material by a strong magnetic field. The melting and evaporation of
target material occurs when a huge amount of energy (around several million watts/square inch) is
transferred to the target in a high vacuum (10~° to 107 mbar). This method is appropriate to deposit

materials with high melting point.

Thermal evaporation is one of the most used technique to deposit metal electrodes of various
materials like Al, Ag and Au etc. for developing electronics devices [3]. It is one of the modest
techniques of all the deposition methods. In thermal evaporation, the target material is placed in a
boat of high melting point material (like Molybdenum or Tungsten) and the external applied high
voltage/current brings the target material to melting point and then the target material gets
evaporated from the source. This method offers high deposition rate and high quality uniform films
with the minimal optimized conditions [4]. The schematic diagrams of the e-beam and thermal
evaporation are shown in Fig 2.3 [5] and picture of the e-beam and thermal evaporation system

available at SoP, UoH are shown in Fig. 2.4.
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Fig. 2.3: Schematics diagrams of (a) e-beam and (b) thermal evaporation processes [5, 6].

Fig. 2.4: The picture of e-beam/thermal evaporation system at SoP, UoH.

In the present thesis work, e-beam as well as thermal evaporation methods are used to synthesize
HfO2 and Au multilayer thin films on Si substrates as well as Quartz substrates without breaking

the vacuum of the deposition chamber. The e-beam evaporation is used to grow HfO> thin films,
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whereas Au thin films are grown using thermal evaporation. These samples are subjected to laser
annealing to study the effects on the structural and electrical properties of the films. The deposition
parameters used to grow HfO, and Au multilayer thin films and experimental specifications are
discussed in detail in the corresponding chapters.

2.3. Irradiation facilities and lon beam analysis

In order to elucidate the effects of irradiation on the structural and electrical properties of HfO>
thin films, gamma irradiation and SHI irradiation have been employed using the facilities available
at IUAC, New Delhi. Rutherford backscattering spectroscopy (RBS) measurements (using 2 MeV
He?* ions at IUAC, New Delhi, India) have been performed on these samples to estimate the
thickness and elemental composition of different layers. Diffusion/inter-mixing of layers at the

interfaces has also been studied using RBS spectra.

2.3.1. Gamma irradiation

A gamma chamber GC 1200 of 1.25 MeV Cobalt 60 (Co-60) source manufactured by the Board
of Radiation Isotope Technology has been utilized to perform gamma irradiation experiments. The
decay mechanism [7] and a picture of gamma chamber are shown in Fig. 2.5(a-b). The sample is

placed in the movable (up/down) sample holder inside the irradiation chamber.

60
2700 7 D ()
5.27 yi 0.31 MeV - 99.88%
60sNi
y 1.1732 MeV
60 Ni
y 13325 MeV
%aNi
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Fig. 2.5: (a) The decay mechanism and (b) picture of gamma chamber at IUAC [7].

2.3.2. Swift Heavy lon (SHI) Irradiation

SHI irradiation has been performed on the RF sputtered HfO> thin films and HfO,/GaOx bi-layer
films using 15 UD Pelletron of tandem Van de Graff accelerator at IUAC New Delhi [8]. The
schematic representation of the accelerator manufactured by National Electrostatics Corporation
(NEC) is shown in Fig. 2.6. The Pelletron type accelerator can accelerate most ions (keV-MeV)
[9]. First of all, the negative ions (SNICS) are pre-accelerated up to 300 keV. The negatively
charged ions are then, injected to the main accelerator tank with the assistance of injector magnet.
The negatively charged ions are accelerated towards the strong positive electrical field terminal.
These negative ions pass through the stripper foil at the middle of the accelerator and get converted

in to the positive ions by leaving some of the electrons.
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Fig. 2.6: Schematic representation of Pelletron Accelerator at IUAC [8].

Further, the positively charged ions are accelerated from the terminal to the ground potential.
Hence, various charge states are produced. lons procure different energies depending on the charge
state given by the following equation 2.1.

E(MeV)=E; +(1+qV, =1 =q)V; (2.1)

In this equation, Eq is the energy of the ion generated from the SNICS source and Vt is the voltage
created at the terminal.

The SHI irradiation fluence depends on the time of irradiation (time that the sample is subjected
to high energy ion beam). The time of irradiation required to achieve the fluence is calculated by

using the following equation 2.2.

Flunce (ions sz) X Area (cm?)

6.25 X 1012 X Beam current (pnA)

Time (sec) = (2.2)
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Fig. 2.7: Material science beam line and irradiation chamber at IUAC [9].

In IUAC New Delhi, there are seven beam lines and among these beam lines, materials science
beam line is situated at 15° 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. 2.7. In the present thesis work, samples of structure HfO./GaAs
and HfO2/GaO,/Si were subjected to SHI irradiation with 120 MeV Ag ions using a Pelletron
accelerator (15 UD tandem) at Inter University Accelerator Centre (IUAC), New Delhi, India. To
avoid the substrate heating, a constant ion beam current of 0.5 particle nano-Ampere (pnA) was
used and scanned over the sample of area 1 x 1 cm?. By varying the time of irradiation, the ion

fluence ranging from 1 x 10* ions/cm? to 1 x 10%* jons/cm? was achieved.
2.3.3. Rutherford Backscattering Spectroscopy

Rutherford in 1911 used the backscattering spectroscopy in his revolutionary gold foil experiment
to determine the structure of atoms [10]. However, Rubin et al. [11] 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
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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.
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Fig. 2.8: Schematic illustrations of the RBS [12].
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Fig. 2.9: The RBS facility at IUAC [12].

The working principle of RBS is established on elastic collisions among the projectile and target

atoms. Based on this principle, by measuring the backscattered momentum and energy, one can
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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.

In the present thesis work, The RBS facility at IUAC is employed for RBS measurements and the
setup is shown in Fig. 2.9. We have used 2 MeV He?" ions to evaluate the thickness, elemental
composition of the film and SHI induced inter-diffusion/inter-mixing of HfO thin films and
HfO2/GaOx bi-layer films.

2.4. Characterization Techniques

There are many characterization techniques that are used to study the structural changes, optical
properties as well as electrical properties of films. The detailed description of the characterization

techniques that are used in this thesis are provided in the following sections.
2.4.1. Profilometer (film thickness study)

Profilometer is one of the simple device which is used to perceive the surface roughness and to
estimate the thickness. The Profilometer (AMBIOS XP 200) can measure up to a maximum step
height of 800 pm with a maximum resolution of 1 A and it offers the 3D profiler of the film
surfaces. The stylus is used to detect the film surface which moves physically along the film
surface to obtain the height (thickness of the film). A schematic diagram, a picture of the

Profilometer setup at CFN, UoH are shown in Fig. 2.10.

(a) M Profile

.............. Stylus with
diamond tip
Substrate

Fig. 2.10: (a) Schematic diagram and (b) picture of the Profilometer setup at CFN, UoH.
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2.4.2. Field Emission Scanning Electron Microscopy (FESEM) technique and Energy
Dispersive X-ray  Spectroscopy (EDX) technique

The FESEM technique was invented by Erwin Wilhelm Muller in 1936 [13]. It is one of the
multipurpose techniques which is extensively employed to study the surface structure, morphology
of thin films and chemical composition of the thin films. FESEM is a non-destructive technique.
The conventional microscopes are used to magnify feature size up to certain extent (10x to 100x)
in real space. In the case of 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 diagram and
picture of the FESEM setup at SoP, UoH are shown in Fig. 2.11 [14-16].

Electron Electron Gun (a)

Beam

/A

s

‘ ‘ w Magnetic
A “4—Lens

ToTv
Scanner

HfO, film

Fig. 2.11: (a) The schematic diagram [14] and (b) The picture of FESEM setup at SoP, UoH.
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Fig. 2.12: The schematic diagram of the EDX [17].

The EDX technique in combination with FESEM is used to detect elemental composition of the
sample. The 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 the elements present in the sample. The inner core shells are filled by the
outer electrons via emission of the characteristic X-Rays. These X-Rays are specific to the existing

elements. The schematic drawing of EDX is presented in Fig. 2.12 [17].

In the present thesis, FESEM measurements were performed using Carl ZEISS, FEG, ultra-55 at
the University of Hyderabad to study the surface morphology, to estimate the grain size of HfO>
thin films, HfO2/GaOx bi-layer films, to estimate the uniformity and size distribution of Au NPs
formed on the surface of HfO2. The elemental composition of the film is determined by EDX
technique using an in-built Oxford instruments EDX setup in the FESEM system at SoP, UoH.
The obtained spectra is analyzed using INCA software.

2.4.3. X-Ray Diffraction (XRD)

X-ray diffraction is a fundamental and nondestructive method used to characterize the material
(thin film or powder form) to identify its phase, crystal structure, strain and crystallite size. X-rays
were first discovered by German physicist W. Rontgen in 1895 [18]. After that two English
physicists W. L. Bragg and W. H. Bragg in 1913 [19] gave explanation for the appearance of

crystallographic structures of various materials when they are subjected to the beam of X-rays at
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certain incident angles. This technique works based on the standard Bragg’s law of diffraction,

given by
2dsin® = nA (2.3)
The schematic of X-rays incident at an angle 0 on the material with the atomic spacing of planes

d is shown in Fig. 2.13 which reveals the information about lattice spacing, bonding angles and

planar directions of the crystal structures [20].

Incident X-ray " Reflected X-ray

Transmitted X-ray

Fig. 2.13: The Schematic diagram of X-Ray Diffraction.

The average crystallite size (D) is predictable from the obtained width of the diffraction peak by

using Scherer formula known by the following equation 2.4 [21].

091
o Bcos6

(2.4)
Glancing Incident X-Ray Diffraction (GIXRD) is a suitable method to investigate the

crystallographic structures of thin films where the incident angle of X-ray is very small to enhance

the path length in the thin film. The XRD experimental set up is shown in Fig. 2.14.
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Fig. 2.15: The X-ray diffraction facility at SoP, UoH.
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The X-rays are produced in a cathode ray tube by heating a filament made of tungsten (W) to

produce electrons. By applying external DC voltage these are accelerated to bombard the target
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material [22]. The diffracted rays that are produced from the thin films gives the diffraction
patterns. The diffraction peaks were examined by using the PDF-4 software or Joint Committee
on Powder Diffraction Standards (JDPDS) [23]. The X-ray diffraction facility at SoP, UoH is
shown in Fig. 2.15.

In the present thesis, Grazing incident x-ray diffraction (GIXRD) measurements were performed
on HfO, films using Bruker D8 Advance diffractometer with Cu Ka, L = 1.54 A.

2.4.4. Photoluminescence Spectroscopy (PL)

Photoluminescence is a contactless and nondestructive technique which is used to study the defect
and electronic states of various materials. The schematic diagram of a standard PL spectroscope is
shown in Fig. 2.16 [24] and the picture of a Flourolog-1427C-AU PL spectroscope at SoP, UoH
is presented in Fig. 2.17.
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Fig. 2.16: The schematic figure of a standard PL spectroscope [24].
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Fig. 2.17: The picture of a PL spectroscope at SoP, UoH.

Flourolog-1427C-AU PL spectroscope at SoP, UoH, a xenon lamp of 450 W used as an excitation
source. For counting of the emitted photons, the standard R928P based photo multiplier is used. A
monochromatic filter is utilized to select preferred excitation wavelength. The collected photons
are passed over the monochromatic filter. The signal is further processed and the output is given
in either digital or analog form. In the present thesis, PL measurements were performed using
Flourolog-1427C-AU PL spectroscope at SoP, UoH to study the oxygen vacancy related defect

dynamics in HfO2 thin films.

2.4.5. Raman spectroscopy

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 [25]. The basic principle of Raman Effect is that when light interacts with a molecule or
an 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 a fingerprint region on wave number which
indicates the presence of that particular molecule in the material. The schematic diagram of micro

Raman spectroscope is shown in Fig. 2.18 [26].
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Fig. 2.19: The picture of LabRAM HR Evolution — HORIBA Scientific confocal Raman
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The Raman signals are detected by the charge couple devices (CCD). To adjust the position of the
sample under illumination spot, joystick is used which can move in XY directions. In the present
thesis, SERS measurements were performed by drop-casting Rhodamine 6G (R6G) dye on top of
as-grown and laser annealed Au/HfO- bi-layers. A laser with excitation wavelength of 632 nm and
20 mW power has been used for these measurements using LabRAM HR Evolution — HORIBA

Scientific confocal Raman microscope with 100X magnification at UoH as shown in Fig. 2.19.
2.4.6. Ultra Violet-Vis-Near Infrared Spectroscopy (UV-Visible-NIR)

UV-Visible-NIR (200 nm to 2600 nm) spectroscopy is one of the elementary characterization
procedures which is used to examine the light-matter interaction. The Schematic diagram of UV-
Visible-NIR double beam spectrophotometer is presented in Fig. 2.20 [27].
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Fig. 2.20: The schematic figure of UV-Vis-NIR double beam spectrophotometer [27].
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As shown in the picture, one beam acts as a reference light with light intensity () and passes
through the reference sample. Another beam passes through the target sample and gives the
intensity (lo). The ratio between the intensities of two light beams (1/15) gives the information about
the sample. The absorbance of a sample is defined as logarithm of ratio of two transmitted beams.
The reflectance (%R) is defined as the intensity ratio between the two reflected beams from the
target sample and the reference sample. The transmittance (%T) is defined as the intensity ratio

between the two transmitted beams from the sample and reference.

In the present thesis, UV-visible absorption measurements (in the range of 300 nm — 1000 nm) of
AU/HfO; bi-layers deposited on quartz substrates as a function of number of laser pulses were
performed using a UV-visible spectrometer at CFN, UoH and the picture of JASCO V-570 double
beam spectrophotometer is shown in Fig. 2.21. We have used pure quartz (air-medium) sample as

the reference.

Fig. 2.21: The picture of JASCO V-570 double beam spectrophotometer at CFN, UoH [28].
2.4.7. Electrical characterizations

The current conduction mechanisms of the MOS structures have been studied by performing
Leakage current — Voltage (I-V) measurements while the High frequency (1 MHz) Capacitance —
Voltage (C-V) measurements have been performed to understand the memory performance using
an Agilent technologies (B1500A) semiconductor device analyzer with attached Signatone probe
station - P1160 at CFN, UoH is shown in Fig. 2.22.

It is a multipurpose Current-Voltage device analyzer which can be used for I-V, C-V and

pulse/dynamic |-V etc. measurements. The inclusive determining capabilities of this analyzer
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offers the electrical characteristics of the electronic devices with more reliability and high
efficiency. The Easy EXPERT - GUI based characterization software associated with this analyzer
offers the speed characterization of the devices. The characterization data is instantaneously stored
in the corresponding built-in workspace. Agilent technologies B1500A semiconductor device
analyzer is equipped with the standard SMU modules which is used for 1-V and quasi-Static C-V
characteristics. Further high frequency C-V characteristics are performed by MFCMU modules
and without using an external switching unit, SCCU modules offers the switching between I-V as
well as C-V characteristics.

Fig. 2.22: Agilent technologies (B1500A) semiconductor device analyzer with attached
Signatone probe station - P1160 at CFN, UoH [29].

In the present thesis, electrical characterizations such as I-V in voltage range from -5V to 5 V and
C-V in voltage range from -5 V to 5 V at 1 MHz frequency have been performed on HfO> thin
film, HfO2/GaOx bi-layer and HfO2/Au-NPs/HfO, based MOS structures by using an Agilent
technologies (B1500A) semiconductor device analyzer with attached Signatone probe station -
P1160 at CFN, UoH.

2.5. Conclusions

The details of the experimental methods, experimental facilities, fabrication and characterization
techniques that are used to complete the investigations of the present thesis work are discussed.
Complete experimental details used in various experiments are specified in the relevant chapters.
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Effects of Thermal Annealing and Gamma

Irradiation on the structural and electrical

properties of HfO: thin films deposited on
GaAs

The main aim of the study presented in this chapter is optimization of film thickness deposited
under various deposition times to synthesize reproducible HfO, films with good quality using RF
magnetron sputtering deposition technique. Thin films of HfO> were synthesized on Semi-
Insulating GaAs substrates and the role of deposition time on the HfO> films have been studied.
Further, thin films of HfO> synthesized using optimized growth parameters were exposed to
thermal annealing and gamma irradiation. Effects of post deposition thermal annealing and
gamma irradiation on the structural changes and subsequent effects on the electrical properties
of HfO: films have been discussed (part of this work is published in AIP Conference Proceedings
2019, 2115, 030021).
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3.1. Introduction

A thin film is a monolayer or several layers of the target material with the film thickness ranging
from fractions of a nanometer to several micrometers [1]. Thin films of various materials such as
metals, semiconductors, insulators etc. have tremendous advantages when compared to their bulk
properties and have been extensively used in the applications of optoelectronic, micro/nano-
electronic devices and solar cells [2-4].Thin films of different materials have been chosen
depending on their applications. In modern Integrated Chip (IC) fabrication technology, the rapid
advancement of deposition techniques has resulted in substantial progress in improving the thin
films with best quality [5]. These superior quality thin films have found diverse applications in
modern micro/nano-electronic device technologies. The surface morphology, interface properties,
size and structure of the films deposited by various deposition techniques play an important role
on the device quality [6]. Hence, it is important to study the physical mechanisms involved at the
time of thin film deposition like the interaction with charged particles, surface morphology of the
target material, chemical reactions, adherence between the target material and substrate etc. [7]. In
addition to these physical mechanisms, the deposition conditions at the time of PVD process like
distance between target and substrate, deposition pressure, substrate temperature, gas flow rate,
deposition power and target material density etc. have also been used to tune the thin film
properties [8]. The functionality of the micro/nano-electronic devices in modern IC technology
developed from these superior quality thin films are explicitly useful owing to structural, optical
properties as well as electrical properties of these thin films, particularly in modern
Complementary Metal Oxide Semiconductor (CMOS) devices [9, 10]. However, advancement of
thin film deposition techniques have shown a significant improvement in modern CMOS
technology. Increasing the number of MOS devices on an IC became mandatory as the size is
being scaled down to a few nanometers to improve the device performance [11]. Principally, most
of the target materials can be grown as thin films by applying different thin film deposition
techniques. There are two well-known methods namely Physical and Chemical deposition
methods, that have been used to grow different materials depending on their nucleation and
transport properties. Physical deposition techniques include Sputtering and evaporation etc.
Chemical deposition techniques include Sol-gel, Plating and Chemical VVapor Deposition (CVD)
etc. In the physical deposition method, the target material is in the form of solid. During this

deposition, the target material evaporates into atomic spices when an appropriate external power
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is applied. These atomic species which are ejected from the target material move towards the
substrate and get deposited on it by the nucleation process. By increasing the time of deposition,
thickness of the deposited film can be increased and a continuous uniform film of desired thickness
can be grown on the substrate. Among many physical deposition methods, Pulsed Laser Deposition
(PLD) technique [12, 13], electron beam (e-beam) evaporation technique [14] and RF magnetron
sputtering technique [15] have been used widely for growing thin films of metals and insulators.
On the other hand, Direct Current (DC) sputtering technique and Thermal evaporation technique

[16] have been used in growing thin films of metals.

RF and DC magnetron sputtering methods have been used widely in depositing high-quality
uniform thin films of insulators and metals respectively for laboratory applications. In this
technique, an external power using RF or DC power source is applied to the target material in a
low pressure and in inert gas (Ar) atmosphere to generate plasma. These generated Ar ions then
collide very strongly with the target material and the atoms ejected from the target material. These
ejected atoms of target material travel towards the substrate and get deposited on it. In magnetron
sputtering, the strong magnetic field is used to confine the plasma and electrons which results in
ionizations within the relevant area of the target sample. In recent years, RF Magnetron sputtering
technique has been used widely to grow high-k dielectric Hafnium oxide (HfO2) thin films,
because it offers high quality uniform films, good control over the deposition and reduced cost
when compared to other physical deposition techniques.

In CMOS technology, typical SiO gate oxide has been replaced by HfO> (dielectric constant 18-
25 and band gap 5.8 eV) as the gate oxide in some advanced CMOS transistors by Intel in 2007
[17]. It is important to note that, in Silicon CMOS technology, use of Si as the standard
semiconductor was encouraged because it has outstanding interface properties with the dielectric
SiO [18]. However, SiO2 has already been replaced by Hafnium oxide (HfO2) in the current
technology [17, 19]. For further device scaling, it is presently followed by an attempt to replace
the Si with superior high mobility semiconductors [20]. Among them, 111-V and 111-VI compound
semiconductors, such as GaAs, GaN, InAs, GaSh, InAlAs and Ga,Osz can achieve the proposed
MOS devices with high-performance characteristics [21, 22]. Among these compound

semiconductors GaAs attracted more attention in recent years due to its higher electron mobility
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as the electron mobility of GaAs is around six times greater than that of Si, which makes it an

attractive substrate for the future high-speed applications in CMOS devices [23].

HfO> is a fascinating material for a wide range of applications due to its exceptional material
properties such as high density, high dielectric constant (k), wide band gap and comparatively
good thermal stability [24]. It has been used in various categories of applications like a high-k gate
dielectric in some advanced transistors for memory applications [25] and optical coatings [26] etc.
Thermal Annealing (TA) and Rapid Thermal Annealing (RTA) are capable of crystallizing HfO>
thin films [27-29]. HfO2 is mainly known to exist in three crystallographic phases at ambient
pressure depending on the annealing temperatures. It exists in monoclinic phase (m-HfOy) in the
temperature range of room temperature (RT) to 1700° C, transforms to tetragonal (t-HfO,) at
higher temperatures greater than 1700° C and at very high temperatures greater than 2600° C, it
becomes cubic (c-HfOy) [30]. The phase change of HfO, from amorphous phase to monoclinic
phase can lead to change in dielectric constant from 25 to 18 and band gap from 5.8 eV t0 6.13 eV
[31, 32]. Therefore, the structural changes in HfO> like formation of grains and crystallization can
intensely affect its electrical properties and other material properties. Kopani et al. [33] reported
that the growth rate of crystalline HfO2 nuclei increases as the temperature of thermal annealing
increases. Hence, the structural changes in RF Magnetron sputtered HfO> thin films such as grain
growth, phase transformation due to post deposition annealing and consequent effects on the

electrical characteristics may be useful for more exploration.

In recent years, enormous development has taken place in the fabrication of HfO. high-k dielectric
based MOS devices [34]. Existing data of HfO2 based device applications in the radiation harsh
environments is still insufficient. Therefore, the challenges like, reliability and durability are being
currently being actively considered for the advanced HfO, based MOS device technology [35].
Particularly, the electrical performance of the device in radiation harsh environments is essential
for space, nuclear power plant and radiation based medicine applications. In previous research
reports, A. Y. Kang et al. [36] stated that mostly electrons are confined in the HfO2 based MOS
devices when they are subjected to irradiation. C. Z. Zhao et al. [37], while F. B. Ergin et al. [38]
have described that both electrons and holes are trapped due to gamma irradiation. J. M. Rafi et al.
[39] and Y. F. Mu et al. [40, 41] reported that trapping effects due to both positive and negative
charges can be detected in the gate injection conditions. X. Liu et al. [42] and S. Maurya [43]
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observed positive trapped charges in the HfO2 based MOS devices and arbitrary passivation of
interface trapped charges due to radiation. On the other hand, deposition parameters and deposition
techniques also play a significant role in the device performance due to radiation induced effects.
J. T. Ryan et al. [44], and C. Liang et al. [45] explained the effects of deposition conditions on
radiation induced trapping charges in HfO2. G. Lucovsky et al. [46] demonstrated the existence of
various charge trapping processes in high-k dielectrics because of change in microstructures. In
most of the research, HfO> thin films synthesized by using ALD technique have been reported and
it is feasible that the HfO> thin films synthesized using other deposition techniques such as RF
magnetron sputtering, may be helpful because thin film properties like structure, uniformity,

density of initial trapped charges etc. may vary for different deposition processes.

Gamma irradiation is known to cause ionization in materials through generation of Compton
scattered electrons and production of Electron-Hole Pairs (EHPs) which results in mobilization or
creation of traps/defects. The generation of energetic electrons or ionization and production of
EHPs depend on the amount of energy deposited to the target material due to gamma irradiation
[47, 48]. The pre-existing defects/traps in the high-k dielectrics confine these moveable charges
which can affect the electrical characteristics due to trapped charges [49]. Furthermore, gamma
radiation can produce oxygen vacancies in the high-k dielectric gate oxides. Therefore, irradiation
induced ionization/defect-creation is expected to affect the electrical characteristics of HfO> high-
k dielectric based MOS devices.

In this chapter, we have used different deposition conditions to optimize the growth parameters to
synthesize good quality HfO> thin films on GaAs substrates by RF magnetron sputtering technique.
Effects of growth parameters and thermal annealing on the structural and electrical properties of
HfO> thin films have been discussed. Further, the optimization conditions and effects of gamma
irradiation on the electrical characteristics of HfO2/GaAs based MOS structures have also been

discussed.
3.2. Experimental Details

3.2.1. Synthesis of HfOz2 thin films: To optimize the growth parameters, HfO, thin films of
various thickness under different deposition conditions were deposited on Semi-Insulating (un-

doped) GaAs (100) substrates by using RF magnetron sputtering (13.6 MHz) method. Before the
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deposition, substrates were cut into pieces of 1 cm x 1 cm each and cleaned using an ultra-
sonication process by dipping in acetone followed by isopropanol and deionized water for 5 min
each. Then, these were dried with nitrogen gas and immediately loaded into the chamber. The
optimized distance of 125 mm between HfO> target and GaAs substrates was maintained and RF
power of 60 W was applied to the HfO target during the deposition. These parameters were chosen
based on our earlier experiments on Si substrates [50]. When the pressure inside the chamber
reached to 4 x 10°® mbar, 30 SCCM of argon gas was released and the deposition pressure of 2 x
1072 mbar was recorded. Commercially purchased 99.99% pure HfO; target of two inch diameter
was used. HfO> films of various thickness were synthesized on GaAs by varying deposition time.

HfO> thin films were synthesized using 10, 15, 20 and 30 min of deposition time.

3.2.2. Sample Characterization: The role of deposition time on HfO; films was studied by
employing different characterization techniques. As-grown films at different deposition times
were scanned by using the Field emission scanning electron microscope (FESEM) to observe the
film structure and morphology (model: Carl ZEISS, FEG, ultra-55). FESEM - Energy Dispersive
X-ray Spectroscopy analysis (EDX) measurements were carried-out to study the elemental
composition. Grazing incident x-ray diffraction (GIXRD) measurements were performed with an
incidence angle of 0.5° to study the phase of HfO: thin films (model: Bruker D8 Advance
diffractometer with Cu Ka, A = 1.54 A). The X-Ray Reflectivity (XRR) measurements were
performed using Bruker D8 Advance diffractometer with Cu Ka, A = 1.54 A. Using Rutherford
Backscattering Spectroscopy (RBS) measurements, thickness of the films and elemental
compositions have been investigated using He?" ions (2 MeV, scattering angle 165°) at IUAC,
New Delhi. Further, the thickness of as-grown films were measured by performing cross sectional
FESEM measurements and thickness profile measurements using Ambios XP 200 Profilometer.

3.2.3. Thermal Annealing: One set of samples containing HfO- thin films synthesized using the
optimized deposition time of 30 min were annealed in the temperature range of 200 °C to 600 °C
for 1 hour in N2 atmosphere. After placing the sample inside the tubular furnace, the rate of

increase in the temperature was maintained to be 4 °C/min for all samples.

3.2.4. Gamma irradiation: Another set of samples containing HfO> thin films synthesized using
the optimized deposition time of 30 min were subjected to ®°Co gamma (1.25 MeV) irradiation at

a constant radiation dose rate of 4.6 KGy/hr by using a Gamma chamber-1200 at IUAC, New
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Delhi. By varying the sample exposure time to the gamma rays, the gamma irradiation doses of 2
KGy, 4 KGy, 8 KGy, 16 KGy, 32 KGy, 48 KGy and 64 KGy were achieved.

3.2.5. Fabrication and electrical characterization of MOS structures: HfO thin films
synthesized at various deposition conditions, thermally annealed and gamma irradiated samples
were used to fabricate Au/HfO2/GaAs based MOS structures by depositing top and bottom contacts
to perform electrical measurements. Metal contacts of Au were deposited (~ 100 nm thick and 1
mm in diameter using a shadow mask) as top electrode (TE). Adhesive and conductive Ag paste
along with Al foil was used as a bottom electrode (BE). The TE/HfO2 and Si/BE interfaces are
expected to behave in the same manner for both the devices with or without Au NPs inside HfO».
Hence the differences in leakage currents and storage capacity are attributed to the annealing and
irradiation effects. Electrical characterizations such as Leakage current - Voltage (I-V) and
Capacitance - Voltage (C-V) were performed using an Agilent technologies (B1500A)
semiconductor device analyzer to evaluate the effects of deposition time, thermal annealing and

gamma irradiation on the electrical characteristics of these MOS structures.
3.3. Results and discussions

3.3.1. Effects of growth parameters: The role of deposition time on HfO, films was studied by
employing different characterization techniques. The thickness of HfO> films were estimated by
Profilometer and cross X-FESEM measurements. The cross sectional FESEM images are shown
in Fig. 3.1. The estimated thickness of HfO. films using cross sectional FESEM measurements of
films grown at deposition time of 10, 15, 20 and 30 min are found to be 11 nm, 17 nm, 22 nm and
37 nm respectively. The data obtained from Profilometer measurements are shown in Fig. 3.2. The
estimated thickness of HfO films grown at deposition time of 10, 15, 20 and 30 min are found to
be 13 nm, 16 nm, 21 nm and 35 nm respectively using these measurements. These values are given
in table 3.1. The uniformity is found increasing with deposition time. Uniform HfO3 thin films of

thickness around 35 nm have been synthesized at the deposition time of 30 min.
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Fig. 3.1: Cross sectional FESEM images of HfO; thin films grown on GaAs substrates at
deposition time of 10, 15, 20 and 30 min.
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Fig. 3.2: Estimation of HfO> film thickness using Profilometer measurements.
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Furthermore, the thickness and elemental compositions of the HfO, films have also been estimated
by performing RBS measurements. The RBS spectra with SIMNRA simulations as a function of
deposition time are shown in Fig. 3.3. The values of Calibration offset and Energy per channel
were obtained from a standard calibration sample (Au/glass). The values of Calibration offset and
Energy per channel as 73.65 keV and 0.98 keV/ch respectively were used for SIMNRA simulation.
The thickness of HfO2 thin films grown for deposition times of 10 min, 15 min, 20 min and 30 min
were estimated using the simulation and found to be 11 nm, 18 nm, 22 nm and 38 nm respectively.
To estimate HfO. film thickness and stoichiometry from the fitting curve using SIMNRA

simulation, bulk density corresponding to HfO2 as 9.68 g/cm? has been considered.

2500 2500
10 min 15 min
2000-] (0] 2000 (0]
re r Hf
Ga \
& 1500+ £ 1500+ \
c =
S g As
o
© 1000 © 10004 '
500 500
1/ —o— experimental —o— experimental
o simulated N 0 simulated
T T T ® T L T L3 T i . T L) T i) T X T ¥ T X T
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Channel no. Channel no.
2500 2500
20 min 30 min
2000 o) 2000 (0] Hf
y Hf \ / A .
2 1500+ & 1500+
= c
3 =1
Q o
© 1000 © 10004
500 500
1| —o— experimental —o— experimental
0 simulated — / 0 simulated -, |
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Channel no. Channel no.

Fig. 3.3: RBS spectra of HfO> thin films deposited on GaAs with SIMNRA simulation.

71



Chapter-3

The estimated thickness and stoichiometry of HfO> films using cross sectional FESEM,

Profilometer and RBS measurements are summarized and presented in Table 3.1.

Deposition Film thickness (nm) Stoichiometry of the

Time RBS FESEM Profilometer film from TBS analysis
Cross-section (%)
Hf.O
10 min 11 11 13 22:78
15 min 18 17 16 26:74
20 min 22 22 21 29:71
30 min 38 37 35 36:64

Table 3.1: The estimated thickness of HfO> films obtained using RBS, cross sectional FESEM

and Profilometer measurements.

The role of deposition time on the structure and morphology of HfO> film surfaces were studied
using the FESEM measurements. The FESEM images of HfO- thin films deposited on GaAs

substrates as a function of deposition time are shown in Fig. 3.4.

Fig. 3.4: FESEM images of HfO. thin films deposited on GaAs substrates as a function of
deposition time.
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HfO> thin films grown for deposition times of 10 min and 15 min have smooth surfaces with no
distinguishable formation of HfO, grains. Evolution of very small grains has been observed for the
sample grown for deposition time of 20 min. For the sample grown for deposition time of 30 min,
formation of evenly distributed grains with distinguishable but uniform size has been observed.
HfO> thin films grown for deposition time of 30 min shows good uniformity, good stoichiometry

and formation of uniform grains.

GIXRD measurements were performed on all the samples and the diffraction patterns of HfO2 thin
films as a function of deposition time are shown in Fig. 3.5. GIXRD patterns of HfO thin films
grown at various deposition times indicate dominance of the amorphous phase of HfO>. Therefore,
all the HfO> thin films grown using RF sputtering at room temperature are predominantly
amorphous in nature, independent of the deposition time though there are significant changes in

their morphology.
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Fig. 3.5: GIXRD patterns of HfO> thin films deposited on GaAs substrates as a function of

deposition time.
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As mentioned earlier, Au/HfO2/GaAs/Ag MOS structures were fabricated by depositing top and
bottom electrodes. The role of deposition time on the leakage current density through the HfO>
thin films grown at various deposition times were studied by performing leakage current - voltage
(1-V) measurements as shown in Fig. 3.6(a). From the I-V characteristics, leakage current is found
to decrease with increasing deposition time which is reasonable as the thickness of HfO2 thin films
increases with the deposition time. As shown in Fig. 3.6(b), the current density at applied voltage
of -1 V of sample grown for 10 min of deposition time is around 2.3 x 10 A/cm?, which is
decreased to 5.2 x 10 A/cm? for the sample grown for 15 min of deposition time. At the same
applied voltage, the leakage current density has been decreased to 1.7 x 10°® A/cm? for the sample
grown for 20 min of deposition time. Further increasing the deposition time to 30 min, the leakage
current density decreases to 8.0 x 10”7 A/cm?. However, the increase in thickness is about 3 times
(~ 11 nm to ~ 35 nm) but the leakage current density is decreases by almost three orders of
magnitude for the sample grown for 30 min of deposition time when compared to that of sample
grown for 10 min of deposition time. This confirms the formation of reasonably good

stoichiometric films with less number of defects when the film is deposited for 30 min.
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Fig. 3.6: (a) I-V characteristics of Au/HfO2/GaAs based MOS structures and (b) current density
at applied voltage of £1 V as a function of HfO> film deposition time.
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From this study, HfO thin films grown for different deposition times, it is noticed that the film
thickness and uniformity of the film increases with increasing deposition time. Good stoichiometry
and formation of HfO> grains with distinguishable size have been observed for the film grown for
30 min of deposition time. Leakage current is found to decrease with increasing deposition time.
Hence, the optimized growth parameters such as deposition time of 30 min, RF power of 60W, Ar
gas flow of 30 SCCM and substrate to target distance of 125 mm have been maintained to deposit

HfO- thin films for further studies like thermal annealing, gamma irradiation and SHI irradiation.

3.3.2. Effects of thermal annealing: A set of HfO thin films grown under the optimized growth
parameters (deposition time of 30 min, RF power of 60W, Ar gas flow of 30 SCCM and substrate
to target distance of 125 mm) were thermally annealed in the temperature range of 200 °C to 600
OC for 1 hour each in N, atmosphere. Effects of thermal annealing on the structural and electrical

characteristics of HfO> thin films have been studied by using different characterizations.
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Fig. 3.7: RBS spectrum of pristine HfO> thin film with SIMNRA simulation.

The thickness estimation and elemental composition of as-grown HfO> films have been estimated
by performing RBS and FESEM — EDX measurements. The RBS spectrum of pristine HfO> film
with SIMNRA simulation is shown in Fig. 3.7. The values of Calibration offset and Energy per

channel were obtained from a standard calibration sample (Au/glass). These values of Calibration
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offset and Energy per channel namely 73.65 keV and 0.98 keV/ch respectively were used for
SIMNRA simulation. The SIMNRA simulation studies show the estimated thickness to be around

38 nm with elemental composition around 36% of Hf and 64% of O.

The EDX spectrum of pristine HfO. thin film shown in Fig. 3.8. EDX analysis shows the elemental
composition of the film is around 39% of Hf and 61% of O which is consistent with the RBS

analysis.
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Fig. 3.8: EDX spectrum of pristine HfO thin film grown on GaAs.

The XRR pattern of pristine HfO> thin film is shown in Fig. 3.9. The thickness of HfO> film is

found to be around 35 nm from XRR analysis.
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Fig. 3.9: XRR pattern of pristine HfO. thin film grown on GaAs.
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The effects of thermal annealing on the morphology of HfO> thin film surfaces were examined by
performing FESEM measurements. The FESEM images of pristine and thermal annealed HfO>

thin film surfaces are shown in Fig. 3.10.
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Fig. 3.10: FESEM images of pristine and thermal annealed HfO> thin film surfaces.

From these images, it is observed that the pristine HfO> film possesses a smooth surface with
uniformly distributed grains. After thermal annealing, variation in surface structure of HfO> thin
films and a monotonic increase in the grain size have also been observed which may be attributed
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to the possible agglomeration of grains due to thermal annealing. Formation of new grains with
increased size and grain boundaries have been observed as a result of thermal annealing. It is
observed that the growth rate of crystalline HfO. nuclei is found to increase as the temperature of
thermal annealing increases. These results are consistent with the previous reports in the relevant
literature [33].

GIXRD measurements were performed on pristine and thermally annealed samples to study the
effects of thermal annealing on the phase transformation of HfO, thin films. The diffraction

patterns of as-grown and annealed HfO: thin films are shown in Fig. 3.11.
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Fig. 3.11: GIXRD patterns of as-grown and thermal annealed HfO: thin films.

Pristine films exhibit amorphous nature while the thermally annealed films consist of nano-
crystallites. From GIXRD patterns, the introduction of monoclinic phase of HfO> has been
observed. At the annealing temperature of 300° C, evolution of crystalline peaks corresponding to
the m(-111), m(111) and m(022) crystal (m: monoclinic) planes have been observed. Upon

increasing the annealing temperature to 600° C, apart from increase in the intensity of these peaks,
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new crystalline peaks corresponding to m(002) and m(112) planes have also been observed. It is
confirmed that these crystal planes correspond to the monoclinic phase of HfO, using standard
JCPDS file (PDF#06-0318). Thus, introduction of crystalline phase of HfO> has been observed
when pristine amorphous films were subjected to thermal annealing up to the temperature range
of 600° C. Further to confirm the phase transformation of HfO2 thin films due to thermal annealing,
pristine and annealed films were characterized by performing micro Raman measurements and the

data is shown in Fig. 3.12.
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Fig. 3.12: Micro Raman spectra of pristine and thermal annealed HfO, thin films.

From Raman spectra, pristine film consists of only one peak corresponding to LO mode of GaAs
substrate. With increasing annealing temperature, evaluation of a new peak at Raman shift of 256
cm™ has been observed. This observed Raman peak at 256 cm™ corresponds to the monoclinic
phase of HfO, [51]. Here, the results obtained from GIXRD and Raman measurements, within the
experimental error bars, are consistent with each other. Therefore, it is confirmed from these
measurements that crystallization of HfO> has taken place when pristine amorphous films were

subjected to thermal annealing. This observation is consistent with the literature as the introduction
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of monoclinic phase is expected at elevated temperatures in HfO2 [30, 52]. The observed structural
changes in HfO., like formation of grains and crystallization can significantly affect the electrical

properties of MOS structures.

The impact of thermal annealing on the leakage current density (through the pristine and thermally
annealed HfOz thin films) is studied by leakage current vs voltage (I-V) measurements and the data
is shown in Fig. 3.13(a). The observed structural modifications due to thermal annealing can
subsequently cause changes in I-V characteristics of MOS structures. It is observed that the leakage
current density of the MOS structure decreases with increasing the annealing temperature up to
300° C. This decrease in the leakage current may be attributed to annealing of pre-existing defects
in the pristine MOS structures. Further increasing the temperature above 300° C, significant

increase in the leakage current has been observed up to the annealing temperature of 600° C.
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Fig. 3.13: (a) I-V characteristics of Au/HfO2/GaAs based MOS structures and (b) current density

at applied voltage of £1 V as a function of thermal annealing temperature.

As shown in Fig. 3.13(b), the current density at applied voltage of -1 V decreases from 2.2 x 107
Alcm?to 1.0 x 10”7 A/lcm? when the pristine sample is annealed to 200° C. At the same applied
voltage, the leakage current density has been decreased to 8.5 x 108 A/lcm? for the annealing
temperature of 300° C. Further increasing the annealing temperature to 400° C and 500° C, the

leakage current density increases to 2.0 x 107 A/cm? and 6.2 x 107 A/cm? respectively. Upon
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increasing the annealing temperature to 600° C, it further increases to 5.4 x 10 A/cm?. This
increase in the leakage current may be attributed to the observed structural changes such as
crystallization and grain agglomeration in HfO. thin films due to thermal annealing. Particularly,
change in dielectric constant of HfO, due to phase transformation from amorphous to monoclinic
[31, 32].

3.3.2. Effects of Gamma irradiation: Another set of HfO> thin films grown under the optimized
growth parameters (deposition time of 30 min, RF power of 60 W, Ar gas flow of 30 SCCM and
substrate to target distance of 125 mm) were exposed to gamma irradiation with different doses (2
KGy - 64 KGy). The effects of gamma irradiation on the electrical characteristics of
AU/HfO2/GaAs based MOS structures are studied by performing I-V measurements as shown in
Fig. 3.14(a). From I-V characteristics, it is observed that the leakage current density rises

systematically with increasing gamma dose.
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Fig. 3.14: (a) I-V characteristics of Au/HfO2/GaAs based MOS structures and (b) current density
at applied voltage of £1 V.

As shown in Fig. 3.14(b), the current density at applied voltage of -1 V increases from 2.5 x 10”7
Alcm?to 5.2 x 10”7 A/cm? when the pristine sample is irradiated to a dose of 2 KGy. At the same
applied voltage, the leakage current density has been increased to 1.9 x 10 A/cm? for the
irradiation dose 4 KGy. Further increasing the dose to 8 KGy and 16 KGy, the leakage current

81



Chapter-3

density increases to 7.6 x 10® A/cm? and 1.3 x 10 A/cm? respectively. Upon increasing the dose
to 32 KGy;, it increases to 3.7 x 10* A/cm?. The leakage current density further increases to 2.2 x
10 A/cm? and 3.1 x 107 A/cm? for the irradiation doses 48 KGy and 64 KGy respectively.

This increase in leakage current with respect to irradiation dose shows the existence of several
types of defects in oxide films. This is due to the increase of interface traps and oxide trapped
charge densities. Pre-existing defects in the film have the capability to trap the moveable electron-
hole pairs produced through the irradiation process prior to the recombination. The possibility of
recombination of electron-hole pairs would be high in the absence of any defects during the gamma
irradiation. On the other hand, the existence of defects are expected when these type of devices are
used in radiation harsh environments like those encountered in space and nuclear power plants.
Therefore, this study is essential to realize these radiation damage evolution mechanisms and
radiation tolerance of such devices when they are operated in radiation harsh environments.

3.4. Conclusions

Thin films of HfO2 were synthesized on Semi-Insulating GaAs substrates using RF magnetron
sputtering deposition technique. The role of deposition time on HfO, films were studied by
employing different characterization techniques. It is observed that the film thickness and
uniformity of the film increases with increasing deposition time. All the HfO thin films grown at
room temperature by varying deposition time are amorphous in nature. Good stoichiometry and
formation of HfO- grains with distinguishable size have been observed for the film grown for 30
min of deposition time leakage current is found to decrease with increasing deposition time which
is reasonable and attributed to the increasing of thickness and possible improvement in the film
quality. After thermal annealing, variation in surface structure of HfO2 thin films and a systematic
increase in the grain size have also been observed which may be attributed to the possible
agglomeration of grains. Introduction of crystalline phase of monoclinic HfO2 has been observed
when pristine amorphous films were subjected to thermal annealing up to the temperature range
of 600° C. The leakage current density of the MOS structure decreases with increase in the
annealing temperature up to 300° C which may be accredited to the possible annealing of defects
that are pre-existing in the pristine MOS structures. Further increase in the temperature above 300°

C led to a significant increase in the leakage current which may be attributed to the observed
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structural changes of HfO. thin films such as crystallization and grain agglomeration. An orderly
increase in current density as a function of gamma dose indicates the pre-existence of defects
followed by production of additional defects in the pristine and irradiated MOS structures. This
study is essential to realize and understand the electrical performance and radiation tolerance of

such devices when they are operated in high temperature and radiation harsh environments.
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Effects of Swift Heavy lon (SHI) irradiation
on the structural and electrical properties of
HfO: thin-films deposited on GaAs

This chapter provides a brief report on the SHI irradiation induced effects on grain agglomeration
and introduction of crystalline phases in otherwise amorphous HfO> thin films deposited on GaAs
substrates. These modifications in the films due to Swift Heavy lon (SHI) irradiation were observed
by performing Field Emission Scanning Electron Microscope (FESEM), Rutherford
Backscattering Spectroscopy (RBS) technique, Photoluminescence (PL), X-Ray Reflectivity (XRR)
and Grazing Incident X-Ray Diffraction (GIXRD) measurements. An orderly increase in the size
of spherical grains and increase in the roughness of the films have been noticed. As-grown HfO-
thin films exhibit amorphous nature. lon irradiation has introduced monoclinic and tetragonal
phases in otherwise amorphous thin films of HfO>. Further, Au/HfO2/GaAs based MOS structures
have been fabricated to study the effects of SHI irradiation on the electrical properties of these
devices. The leakage current conduction through the gate oxide has been studied using the Poole-
Frenkel and Fowler-Nordheim tunneling mechanisms by examining the leakage current-voltage

characteristics.
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4.1. Introduction

As discussed in previous chapters, microelectronics has undergone enormous development with
an increasing performance of integrated circuits. Particularly in modern CMQOS technology, the
down-scaling of transistor size leads to an exponential increase in the number of transistors on a
chip to follow the law predicted in 1960’s by the Intel co-founder Gorden E. Moore [1, 2]. In
standard Silicon CMOS technology, if the thickness of a typical SiO2 gate oxide layer decreases
below the tunneling limit, leakage current increases enormously, which leads to heat generation
and more power consumption [3, 4]. For every 0.2 nm reduction of SiO> layer thickness, the
tunneling current increases by around one order of magnitude [5]. To avoid the leakage current
due to tunneling, thicker gate oxide layers are mandatory. As the oxide layer becomes thicker, the
electrical characteristics of a transistor have to be maintained by introducing new gate oxide
materials which have advanced dielectric constant (k) as it is directly proportional to the
capacitance density (C/A), whereas capacitance density is inversely proportional to the dielectric
layer thickness. SiO2 has been replaced by HfO: (dielectric constant 18-25 and band gap 5.8 eV)
as the gate oxide in some advanced CMOS transistors by Intel in 2007 [6]. It is important to note
that, in Silicon CMOS technology, use of Si as the standard semiconductor was encouraged
because it has outstanding interface properties with the dielectric SiO2 [7]. However, in the
microelectronics community, standard gate oxide SiO2 has been replaced by HfO». For further
device scaling, it is presently followed by an attempt to replace the Si with superior high mobility
semiconductors. Among them, 111-V and I11-VI compound semiconductors, such as GaAs, GaN,
InAs, GaSb, InAlAs and Ga>Os can achieve the proposed MOS devices with high-performance
characteristics [8, 9]. Among these compound semiconductors, GaAs attracted maximum attention
in recent years due to its higher electron mobility. The electron mobility of GaAs is around six
times greater than that of Si, which makes it an attractive substrate for the future high-speed
applications in CMOS devices [10].

It is well known that Swift Heavy lon (SHI) irradiation can be used for the synthesis and
characterization and modification of materials in the nanometer region due to its spatial selectivity
[11-13]. This technique is more useful because of good control of irradiation fluence and energy
of incident ions. At lower energies (< 0.5 MeV/u), nuclear energy loss (energy transfers to atomic

nuclei) dominates, which leads to shift of target atoms via elastic scattering. For higher (> 0.5
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MeV/u) energies, the electronic energy loss dominates, which leads to local ionization that can
cause track formation [14] and damage production [15] in the target material. The ion tracks with
nanometer diameters formed due to SHI irradiation have been used in a wide range of nanoscience
applications [16, 17]. In the process of SHI irradiation, when an ion passes through the target
material, it deposits a very huge amount of energy to the target atoms in the form of electronic and
nuclear energy losses, which results in inter-diffusion/inter-mixing at the interface [18, 19]. Phase
transformation and diffusion of the target material due to heavy ion irradiation on different
materials has been studied extensively in the last few years [20-22]. lon beam irradiation studies
revealed the existence of both electron and hole traps in HfO, thin films, whereas in SiO, only
electron traps were seen [23, 24]. Previous reports suggest that, SHI induced phase transformation
of HfO> depends on the primary phase [25, 26]. Amorphous HfO> films were transformed into
monoclinic, whereas initially monoclinic HfO> films were transformed into tetragonal phase after
irradiation [27, 28]. Furthermore, the performance of HfO./Si based MOS capacitors can be
improved by SHI irradiation via reduction in the tunneling current up-to the critical fluence (i.e.
track overlap fluence) and above this critical fluence the leakage current density increases resulting
in failure of the device [29-31]. The energy deposited in the target material via electronic and
nuclear energy losses due to SHI irradiation results in Crystallization, grain agglomeration and
intermixing at the interface of target materials. Therefore, it is significant to realize and understand
the SHI irradiation effects on the surface morphology, crystallization and ion induced defect
creation in HfO films. These HfO2/GaAs based MOS structures are expected to be used in many
devices in space and medical applications such as radiological treatment equipment and physics
experiments associated with high energy such as nuclear power plants. Therefore the SHI
irradiation response studies of these MOS structures on their electrical characteristics will be

worthwhile.

In this chapter, HfO> thin films (~ 30 nm) synthesized on GaAs were irradiated by 120 MeV Ag
ions. SHI irradiation induced effects on grain agglomeration and introduction of crystalline phases
in otherwise amorphous HfO> thin films will be discussed. Further, Au/HfO2/GaAs based MOS
structures have been fabricated to study the effects of SHI irradiation on the electrical properties
of these devices. The leakage current conduction through the gate oxide has been studied using the
Poole-Frenkel and Fowler-Nordheim tunneling mechanisms by examining the leakage current—
voltage characteristics.
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4.2. Experimental Methods

4.2.1. Synthesis of HfOz thin films: HfO thin films of 30 nm thickness were deposited on Semi-
Insulating (un-doped) GaAs (100) substrates by using RF magnetron sputtering (13.6 MHz)
method. Before the deposition, GaAs substrates were cut into pieces of 1 cm x 1 cm each and
cleaned using an ultra-sonication process by dipping in acetone followed by isopropanol and
deionized water for 5 min each. Then, these were dried with nitrogen gas and immediately loaded
into the chamber. The optimized distance of 125 mm between HfO, target and GaAs substrates
was maintained and RF power of 60 W was applied to the HfO> target during the deposition. When
the pressure inside the chamber reached to 2.48 x 10~® mbar, 30 SCCM of argon gas was released

and the deposition pressure of 2.14 x 1072 mbar was recorded.

4.2.2. SHI irradiation: These samples of structure HfO2/GaAs were then subjected to SHI
irradiation with 120 MeV Ag ions using a Pelletron accelerator (15 UD tandem) at Inter University
Accelerator Centre (IUAC), New Delhi, India. The projected range, Se - electronic energy loss and
Sn - nuclear energy loss of 120 MeV Ag ions in HfO, (density 9.68 g/cm?®) film were estimated as
8.5 um, 24.9 keVV/nm and 0.14 keV/nm correspondingly. A standard and familiar SRIM software
was used for estimation of these parameters [32]. To avoid the local heating and to achieve uniform
irradiation, a continuous and low ion beam current of 0.5 particle nano-Ampere (pnA) was used
and scanned over the sample area of 1 cm x 1 cm. The time of irradiation required to achieve the

fluence has been calculated by using the following equation 4.1.

Flunce (Z:Zi) X Area (cm?)

6.25 X 1012 X Beam current (pnA)

Time (sec) = (4.1)

By varying the pre calculated time of irradiation, the ion fluence ranging from 1 x 102 ions/cm?

to 1 x 10'* jons/cm? was achieved and the details are given in Table 4.1.
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Average stopping power in HfO2 film
Irradiation Energy g ppIng p
Sample Name Fluence of lon (~ 30 nm)
(ions/cm?) (MeV) S, S,
HGP Pristine
HG1E12 1 x 10%2
HG5E12 5x 10%?
120 MeV 24.9 keV/nm 0.14 keVV/nm
HG1E13 1x 108
Ag
HG5E13 5x 10%°
HG1E14 1x 10"

Table 4.1: Sample Name, energy of ion used in irradiation and SRIM Calculation details.

4.2.3. Sample Characterization: The effects of irradiation on these films were studied by
employing different characterization techniques to study the impact of SHI irradiation. Rutherford
backscattering spectroscopy (RBS) measurements (using 2 MeV He?* ions at 165° of scattering
angle at IUAC, New Delhi, India) have been performed on these samples to estimate the thickness
and elemental composition of different layers. Diffusion/inter-mixing of layers at the interfaces
has also been studied using RBS spectra. The acquired RBS spectra were simulated using
SIMNRA-7.01 software. Furthermore, the thickness of the as-grown sample was estimated by
cross-sectional Field Emission Scanning Electron Microscope (FESEM) and Ambios XP 200
Profilometer. Surface morphology and evolved grains after irradiation were studied by the
measurements of a FESEM (using Carl ZEISS, FEG, ultra-55 at the University of Hyderabad).
Grazing incident x-ray diffraction (GIXRD) measurements were performed on as-grown and
irradiated HfO> films using Bruker D8 Advance diffractometer with Cu Ka, A = 1.54 A. The X-
Ray Reflectivity (XRR) measurements were performed to study the film roughness. Defect
dynamics of pristine and irradiated HfO- thin films were studied by performing Photoluminescence
(PL) measurements (model: Fluorolog with Xenon lamp of 450 W and resolution of 0.3 nm).
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4.2.4. Fabrication and characterization of MOS structures: Au/HfO2/GaAs based MOS
structures were fabricated by depositing top and bottom contacts to perform electrical
measurements. Metal contacts of Au were deposited (~ 100 nm thick and 1 mm in diameter using
a shadow mask) as top electrode (TE). Adhesive and conductive Ag paste along with Al foil was
used as a bottom electrode (BE). These two interfaces, TE/HfO, (metal/oxide) and GaAs/BE
(semiconductor/metal) are expected to behave in the same manner for all the devices. The
schematics of 120 MeV ion irradiation and fabrication of Au/HfO./GaAs based MOS structures
are shown in Fig. 4.1. Electrical characterizations such as Leakage current — Voltage (I-V) in
voltage range from -5 V to 5 V were performed to evaluate the effects of SHI irradiation on the
electrical characteristics of these MOS structures. These electrical measurements were performed
using an Agilent technologies-B1500A semiconductor device analyzer at Centre for
Nanotechnology (CFN), University of Hyderabad.

Hf()2 film -
HfO, (30 nm)
Dep051tlon

SHI irradiation

v

Top contact

120 MeV Ag ions

Au electrodes

Au Gate deposition

HfO, (30 nm)
Top, Bottom contacts

Bottom contact

Fig. 4.1: Schematic representation of SHI irradiation and fabrication of MOS structures.
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4.3. Results and discussions

4.3.1. Characterization of thickness and stoichiometry of pristine thin films: The Pristine and
SHI-irradiated HfO. thin films deposited by the RF magnetron sputtering technique were
examined by different characterization methods to study the impact of SHI irradiation. Primarily,
the thickness of as-grown HfO> film was estimated by cross sectional FESEM and Profilometer
measurements as shown in Fig. 4.2(a-b). The estimated thickness of as-grown HfO; film using
cross sectional FESEM and Profilometer measurements were found to be as 32 nm and 35 nm

respectively.

(@)

35 M (b)
304

~35nm

Thickness (nm)
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Distance (um)

Fig. 4.2: Estimation of as-grown HfO> film thickness using
(@) cross sectional FESEM and (b) Profilometer measurements.
Further, the film thickness and elemental compositions of the as deposited HfO, film have been
estimated by performing RBS measurements. The RBS spectrum with SIMNRA simulation is

shown in Fig. 4.3.

The values of Calibration offset and Energy per channel were obtained from a standard calibration
of sample (Au/glass). The values of Calibration offset and Energy per channel as 73.63 keV and
0.989 keV/ch respectively were used for SIMNRA simulation. The thickness of HfO; thin film
was estimated using the simulation and found to be around 42 nm with the stoichiometry of around
36% Hf and 64% O. To estimate HfO> film thickness and stoichiometry from the fitting curve
using SIMNRA simulation, bulk density corresponding to HfO2 as 9.68 g/cm? has been considered.
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Fig. 4.3: RBS spectrum of as-grown HfO- thin film deposited on GaAs with SIMNRA simulation.

4.3.2. Impact of SHI irradiation

The motivation of the present work is to elucidate the electronic energy loss effects due to SHI
irradiation on the grain structure and crystallization of the target material and consequent effects
on the electrical properties of HfO> thin films. In HfOg, the critical value of Se for development of
ion tracks is around 20 keV/nm [27]. Here, we have used 120 MeV Ag ion beam such that the
electronic energy loss (24.9 keVV/nm) dominates nuclear energy loss (0.14 keVV/nm) in HfO, and
0.5 pnA ion beam current to maintain uniform energy deposition throughout the film with minimal

local heating effects.

a) Surface structure and Grain agglomeration: The structure, morphology of HfO: film
surfaces and SHI induced grain agglomeration were studied using the FESEM measurements. The
FESEM images of the pristine and SHI-irradiated HfO> thin films synthesized on GaAs are shown
in Fig. 4.4(a-f). As-deposited HfO thin film consists of a smooth surface with uniform HfO.
grains. From FESEM images, it is observed that with increasing radiation fluence, the structure
and size of the HfO, grains have been modified. As-deposited HfO; film consists of a smooth
surface with uniformly small grains. As the SHI irradiation fluence increases, the small grains start
growing, which leads to the development of new grain boundaries with increasing grain size. Thus,

the irradiated films consist of uniform spherical grains with increased size. This increase in the
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size of grains with increasing ion irradiation may be attributed to the possible agglomeration of

grains within the affected area.

Fig. 4.4: FESEM images of as-grown and SHI-irradiated HfO: thin films as a function of fluence.
(a) Pristine, (b) 1x10*? ions/cm?, (c) 5x10*2 ions/cm?,
(d) 1x10% ions/cm?, (e) 5x10* ions/cm? and (f) 1x10** ions/cm?.
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The diameters of the as-grown and the modified grains due to irradiation were calculated and the
average diameter as a function of irradiation dose were estimated by Gauss fittings. The graphical

representation with Gauss fit is presented in Fig. 4.5(a-f).
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Fig. 4.5: Size distribution of HfO grains as a function of ion irradiation fluence
(a) Pristine, (b) 1x10%? ions/cm?, (c) 5x10*2 ions/cm?, (d) 1x10* ions/cm?,
(e) 5x10% ions/cm? and (f) 1x10* ions/cm?,
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As-deposited HfO> thin films have the grains of average diameter 9 nm. At the irradiation fluence
of 1 x 10%2 jons/cm?, the grains started growing and the average diameter increased to 11 nm. Upon
increasing the ion irradiation fluence to 5 x 102, 1 x 10'® and 5 x 10® ions/cm?, the grains further
grew in size and the average diameters increased to 13 nm, 16 nm and 17 nm. At the topmost
fluence of 1 x 10'* ions/cm?, the grains further increase in size and the average diameter increases
to 24 nm. This increase in the size of grains with increasing ion irradiation may be attributed to
the possible agglomeration of grains within the affected area due to ion induced diffusion.
Therefore due to the SHI irradiation, the grains were agglomerated and their average diameters
have been increased from 9 nm to 24 nm. Thus, due to SHI irradiation, the average grain size

increases to almost 2.5 times, when compared to that of pristine film.

b) SHI irradiation induced phase transformations: The energy deposited through electronic
energy loss by SHI leads to the structural phase transformation in HfO> thin films. GIXRD
measurements were performed on all these samples and the diffraction patterns of as-deposited
and irradiated HfO thin films are shown in Fig. 4.6. As-grown HfO thin films exhibit amorphous
nature whereas the irradiated films consist of nano-crystallites which confirm the introduction of
crystalline phases. Up to the fluence of 5 x 102 ions/cm?, the film remains in an amorphous phase.
At the radiation fluence of 1 x 10'® jons/cm?, evolution of peaks corresponding to the (110), (-
111), (111), (200) and (102) crystal planes have been observed. Upon increasing the fluence to 5
x 10 ions/cm?, a new peak corresponding to the (002) plane, in addition to the above mentioned
planes, has been observed. It is confirmed that the newly introduced planes correspond to the
monoclinic HfO, using typical JCPDS file (PDF#06-0318). At the maximum fluence of 1 x 10%
ions/cm?, in addition to above mentioned planes, new crystal plane (011) corresponding to
monoclinic HfO2 and crystal planes (110), (101) corresponding to tetragonal phase of HfO>
confirmed by standard JCPDS file (PDF#00-008-0342) have been observed. In HfO,, the critical
value of Set for introduction of monoclinic phases in otherwise amorphous HfO> thin films is
around 20 keV/nm [27]. In the present study, the electronic energy loss (24.9 keVV/nm) of 120 MeV
Ag ion is greater than Set. Hence, SHI induced evolution of crystalline phases such as monoclinic
phase at lower irradiation fluence and tetragonal phase at higher irradiation fluence may be
possible by subjecting the amorphous HfO- thin films to 120 MeV Ag ion irradiation. In previous
reports, amorphous HfO- films synthesized on Si and quartz were subjected to 100 MeV Ag ion

irradiation. Monoclinic phase was introduced below the fluence of 5 x 10* ions/cm?, whereas the
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tetragonal phase was introduced in initially monoclinic HfO; films after the irradiation fluence of
1 x 10 ions/cm? [27, 28]. In the present study, it is observed that, starting with the amorphous
phase, introduction of monoclinic phase up to the irradiation fluence of 5 x 10® ions/cm? takes
place. Then at the highest irradiation fluence of 1 x 10%* ions/cm?, in addition to the monoclinic
phase, evolution of the tetragonal phase of HfO, (mixed phase) has also been observed. These
results are consistent with the previous reports on the SHI induced phase transformations in HfO>
[25-28] and yet both the monoclinic and tetragonal phases are observed in films that are subjected
to high fluence. Further, this study also examines the electrical properties of the films that were

subjected to high fluence.

350 A
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1x10" ions/cm?
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0 I — ) ¥ I : — I v ) v I v ) v I v I — )
32 34 36 38 40 42
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Fig. 4.6: GIXRD patterns of as-grown and SHI irradiated HfO thin films as a function of
irradiation fluence (dashed lines direct the peak positions of the crystal planes corresponds to

monoclinic (m) and tetragonal (t) phases of HfO>).
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HfO2 is mainly known to exist in three crystallographic phases at ambient pressure depending on
the temperature. It exists in monoclinic phase (m-HfO.) in the temperature range of room
temperature (RT) to 1700° C, transforms to tetragonal (t-HfO,) at higher temperatures greater than
1700° C and at very high temperatures greater than 2600° C, it becomes cubic (c-HfO5). Zhao and
Vanderbilt [33] predicted k ~ 18 for m-HfOg, k ~ 70 for t-HfO. and k ~ 29 for c-HfO> using density
functional theory calculations. The bandgap of the t-HfO. is also found to be larger (6.11 eV) than
that of m-HfO, (5.78 eV) [34]. Furthermore, the t-HfO- is denser and has a higher Knoop hardness
[35]. Pavel Ondracka et al. [36] reported that the density of HfO, changes when it undergoes phase
transformations. The density of HfO> increases when it transforms from amorphous to crystalline
phases i.e. monoclinic, tetragonal and cubic. C. E. Curtis et al. [37] reported that, when HfO>
transforms from monoclinic to tetragonal phase, the density of tetragonal HfO increases by 3.4%
over that of monoclinic HfO,. Therefore, the t-HfO. is expected to be better over the
thermodynamically stable m-HfO> in many applications, including electronic devices, wherever
HfO> is used. The transformations of tetragonal and cubic phases cannot be retained at RT even
with the use of ultrafast quenching, due to their lower free surface energies [38]. At RT, HfO: in
monoclinic phase is considered as utmost stable. In some reports, it is suggested that the
stabilization of t-HfO> and c-HfO> phases can also be achieved by doping with various materials
like Si, Y, Eu and Fe [39-41]. On the other hand, doping can affect the essential properties of pure
HfO- such as binding energy, bond length and most importantly dielectric properties. Thus, it is
very important to develop a new facile method such as ion beam irradiation to obtain t-HfO> and

c-HfOz at low temperatures without affecting its essential properties.

¢) SHI irradiation induced defect dynamics: lon beam irradiation technique is known to
crystallize the high-k dielectric material in the nm region by raising its temperature up to melting
point. The defects (O-vacancies) that are created through the irradiation, generate strain fields in
the target material and this generated strain field is responsible for the phase transformations in
high-k dielectrics [42]. PL measurements were performed to study the defect (O-vacancies)
dynamics in HfOz thin films (as-deposited and ion irradiated) and the spectra are shown in Fig. 4.7
(a-f) and the assignment of defects related to various types of O-vacancies are shown in Table 4.2.
The excitation energy of 3.5 eV was used such that the excitation energy is much lower than the
bandgap of HfO2. Therefore, the detected PL within the range of excitation energy is mainly due
to the transition from defect/mid-bandgap states.
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Fig. 4.7: PL spectra of pristine and SHI irradiated HfO; thin films synthesized on GaAs

(a) Pristine, (b) 1x10*? ions/cm?, (c) 5x10*2 ions/cm?,
(d) 1x10% ions/cm?, (e) 5x10* ions/cm? and (f) 1x10%* ions/cm?.
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The PL spectra of as-grown film has shown a broad peak which is de-convoluted as a combination
of multiple peaks corresponding to 2.5 eV, 2.7 eV, 2.9 eV and 3.3 eV using peak fitting. The
observed PL peaks are attributed to the defect states related to O-vacancies in HfO. thin films [27,
28, 43, 44]. Wen et al. [43] stated that the PL peak positions at 2.7 and 2.9 eV correspond to the
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positively charged O-vacancy states known as Vo?* and Vo* respectively. The de-convoluted PL

peak around 3.3 eV corresponds to Vo [44].

Irradiation dose  PL peak positions  Defect assignment Intensity (%0)
Pristine 25eV - 27%
2.7eV Vo?* 6%
29eV Vo* 32%
3.3eV Vo 35%
1x10* ions/cm? 25eV - 22%
2.7eV Vo?* 9%
29eV Vo* 33%
3.3eV Vo 36%
5x10*2 jons/cm? 25eV - 23%
29eV Vo* 36%
3.3eV Vo 41%
1x10% ions/cm? 25eV - 23%
29eV Vo* 24%
3.1leV - 22%
3.3eV Vo 31%
5x10%3 jons/cm? 25eV - 20%
29¢eV Vo* 41%
3.0eV - 10%
3.3eV Vo 29%
1x10% ions/cm? 25eV - 24%
29eV Vo* 23%
3.0eV - 5%
3.3eV Vo 48%

Table 4.2: PL peak positions and defect assignment related to O-vacancies.

After SHI irradiation, the PL peak at 2.7 eV corresponding to O-vacancy (Vo?*) has been
suppressed completely. At the irradiation fluence 5x10%*2 jons/cm?, a minimum number of O-
vacancies with low intensity have been observed in the PL spectra which may be attributed to the
SHI induced annealing of defects at lower irradiation dose. With further increase of the irradiation
fluence to 1x10*® ions/cm?, evolution of new PL peak around 3.1 eV with increased intensity has
been observed which is shifted to lower energy (~ 3.0 eV) at higher fluences. This newly evolved
defect peak around 3.1 eV may be associated with the charged oxygen defect state [45]. These

results are consistent with the previous reports on HfO films [27, 28, 46]. The variation in the
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defect configuration related to O-vacancies and slight shift in the peak positions due to SHI
irradiation indicate the generation of strain within the film which is responsible for the observed
SHI induced evolution of crystalline phases in HfO2 thin films. However, in present study, the c-
HfO. phase has not been observed as the transformation from tetragonal phase to cubic phase is

not sensitive to SHI induced strain [47].

d) SHI irradiation induced mixing and surface roughness: As mentioned earlier, in the current
generation of Metal Oxide Semiconductor Field Effect Transistor (MOSFET) based devices, HfO>
has already occupied the space of SiO> [7]. Therefore, it is significant to elucidate the strength of
HfO> interface with different superior semiconductors. It is recognized that SiO2 is highly
susceptible over the Si to irradiation induced track formation. This encouraged us to understand
the effects of SHI on HfO2/GaAs interface even though the SHI induced inter-mixing is observed
in Si/HfO,, HfO./GaO,/Si, HfO2/SiON/Si and HfO./SiO2/Si interfaces [29, 30, 31, 48]. SHI
irradiation can result in diffusion of elements and inter-mixing of layers across the interfaces [49,
50]. RBS spectra of pristine and SHI-irradiated samples with different fluence are shown in Fig.
4.8. Surprisingly, no significant changes in the RBS spectra were observed, within the

experimental limits, in the irradiated films over pristine films.
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Fig. 4.8: RBS spectra of pristine and SHI-irradiated HfO> thin films as a function of fluence.
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XRR measurements were performed to evaluate the SHI irradiation effects on the surface
roughness of the film and XRR patterns of pristine and SHI-irradiated samples with different
fluence are shown in Fig. 4.9. The appearance of clear interference fringes confirm the presence
of bi-layer with a sharp interface. Decrease in the number of fringes with increasing irradiation
fluence has been noticed in the XRR patterns due to the probable increase in the surface roughness
of films. At the highest fluence, no fringes are observed, maybe due to the domination of film and

interface roughness.

This observation can be understood based on the fact that if the electronic energy loss go beyond
the threshold value, track overlap occurs. This mechanism is well known for the ion track
formation, which can be attributed to local melting followed by quenching of target material within
the affected area [51, 52].
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Fig. 4.9: XRR patterns of pristine and SHI irradiated HfO thin films as a function of fluence.
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e) Electrical characteristics: Au/HfO./GaAs MOS structures were fabricated by creating top and
bottom electrodes on pristine and SHI irradiated samples. The leakage current density through the
gate oxide of pristine and irradiated films were studied by performing 1-V measurements on the
corresponding MOS structures as shown in Fig. 4.10(a). As shown in Fig. 4.10(b), the current
density at applied voltage of 1 V decreases from 2.8 x 107 A/lcm?to 1.3 x 10”7 A/cm? when the
pristine sample is irradiated to a fluence of 1 x 102 jons/cm?. At the same applied voltage, the
leakage current density has been decreased to 3.4 x 108 A/cm? for the irradiation fluence of 5 x
102 ions/cm?. Further increasing the irradiation fluence to 1 x 10*® ions/cm? and 5 x 102 ions/cm?,
the leakage current density increases to 9.0 x 10" A/cm? and 5.0 x 10 A/cm? respectively. Upon

increasing the irradiation fluence to 1 x 10'* ions/cm?, it further increases to 1.5 x 10 A/cm?.
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Fig. 4.10: (a) I-V characteristics of Au/HfO2/GaAs based MOS structures and (b) current density
at applied voltage of £1 V

(direction of arrows shows decreasing/increasing of leakage current density).

As discussed, the ion induced structural modifications consequently cause changes in 1-V curves.
It is well-known that the electronic excitations produced due to SHI irradiation at lower fluences
can results annealing of defects in the film [53]. It is observed that the leakage current density of
MOS structure decreases for the irradiation fluences 1 x 10*? and 5 x 102 ions/cm?. Here it is vital
to note that decrease in the leakage current density means improvement in the device electrical

characteristics. In this study the critical ion fluence of 5 x 10*2 ions/cm? has been found to improve
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the electrical performance of the device. An increase in the fluence above this critical value of
irradiation fluence, can cause more damage creation in the film due to track overlap and formation
of inter-diffusion/inter-mixing layers at the interface, leading to increase in the leakage current
density which can worsen the device performance. This study indicates that the electrical
characteristics of HfO.-GaAs based MOS devices can be improved by tuning the SHI irradiation
fluence. Therefore the SHI irradiation response studies of these MOS structures on their electrical
characteristics will be worthwhile as these MOS structures are expected to be used in many devices

in radiation environments.

The charge carriers that tunnel through the gate oxide are responsible for this leakage current and
can be elucidated by examining several conduction mechanisms such as Direct Tunneling (DT),
Poole-Frenkel (PF) tunneling and Fowler-Nordheim (FN) tunneling [54-56]. The DT mechanism
is applicable to thin-films of thickness less than ~ 6 nm [57]. However, the HfO> film thickness in
this study is around 30 nm, therefore DT is not expected to be significant. Measured 1-V curves
with PF and FN tunneling fittings are shown in Fig. 4.11(a-b). In the figure solid lines indicate the
theoretical fittings. The following equations 4.2 and 4.3 are used to fit the I-V curves with PF and

FN tunneling mechanisms respectively [55, 58].

9% — B Fox ‘/El (4.2)

3
3 4. 2m5 @2 1
Jon = e F% exp exp | -2 Y- 2 (4.3)
16m2ho, 3 hgq E,
In these equations, Fox is the electric field through the dielectric layer HfO2 and & (value in between
1 and 2 which is constant) is the factor obtained by acceptor compensation. Other well-known
constants are like Boltzmann’s constant (K), Charge of electron (q), Temperature (T) and reduced

Planck constant (h). Here, @y is the barrier height among the conduction bands at HfO./Si interface

and mox is the effective mass of electrons in the dielectric layer HfO».
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The PF tunneling mechanism mostly deals with the defects or traps within the film. The I-V
characteristics of pristine MOS structure follows PF tunneling up to 1.75 V, which indicates the
existence of defects/traps in the as-grown sample and thereafter FN tunneling has been observed.
The barrier of the gate oxide will become triangular with increase in the applied voltage and the
electron can tunnel through it. This is observed at the higher voltages and governed by the FN

tunneling mechanism. The PF tunneling decreases with the increasing SHI irradiation up to the
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critical fluence of 5 x 10 ions/cm?, and domination of FN tunneling has been observed. This
further confirms the decrease in defects/traps due to ion induced defect annealing leading to
decrease in the leakage current density up to the critical fluence. Above the critical fluence, MOS
structures favor PF tunneling mechanism, which is attributed to increase of traps due to SHI
induced defect creation in the film because of ion induced defect creation. The corresponding traps
in the band-gap can lead to the observed increase in the leakage current density that can worsen

the device performance.

However, defects annealing dominates below the critical fluence, whereas defect creation
dominates above the critical fluence. Hence, SHI induced defect annealing results in decrease
(improvement) in the tunneling current and SHI induced defect creation results in an increase
(worsen) in the tunneling current of HfO2/GaAs based MOS devices. This can be understood as
two competing processes such as SHI irradiation induced defect annealing at lower irradiation
fluences and defect/trap creation at higher irradiation fluences. The defect annealing is due to the
inelastic collisions, which leads to excitation/ionization of atoms followed by relaxation, while
defect creation is also due to inelastic collisions that lead to track formation at higher fluence [59].
Inelastic collisions can leave damage beyond a critical fluence which is above track overlap
fluence. This damage including grain agglomeration and introduction of crystalline phases in HfO;

may be explained by the well-known thermal spike model [25-27, 60].

In our earlier reports, SHI induced modifications of HfOz thin films are explained by using thermal
spike model [27, 28]. In this model, two coupled differential equations given below are used to

estimate the evolution of electronic and lattice temperatures.

o _10 [ K aTe] (T, —T,) + A(r,t) (4.4)
eat_rarrear glle ™ la " '

aTa—la[KaTa]—T- (T, —T,) (4.5)
“at_rarr“ar glle ™ la '

In these equations, Ceand C, are the electronic and atomic specific heats respectively. Ke, Ka are
the thermal conductivities. Te and Ta are temperatures of the electronic and atomic systems. rand g

are the radial distance and electron phonon coupling parameter respectively.
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The outcomes of thermal spike model calculations for high-k dielectric HfO, performed by M.

Dhanunjaya et al. are shown in Fig. 4.12.
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Fig. 4.12: Results of thermal spike calculations for HfO [27].

The electronic energy loss (~ 24.9 keV/nm) deposited through 120 MeV Ag ion irradiation can
increase the material up to its melting range within timescales of picosecond within the effective
region. This extremely fast rise in the temperature up to the phase transition temperature results
phase transformations. The observed SHI irradiation induced crystallization (evolution of
monoclinic and tetragonal phases) indicates this rise in the temperature at the highest fluence
(1x10* ions/cm?) is equivalent to the tetragonal phase transition temperature of HfO.. The
estimated track radius using thermal spike calculations is around 5-7 nm. These results are
consistent with our earlier studies. This study confirm the SHI irradiation induced transient thermal

spike within the effective region.
4.4. Conclusions

Using RF magnetron sputtering deposition method, uniform thin films of HfO2 (30 nm) have been
synthesized on 1 x 1 cm? sized GaAs substrates. The thickness of pristine film has been estimated

by cross-sectional FESEM and Profilometer measurements. RBS measurements have been
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performed on as-grown samples and simulated the spectra with SIMNRA to estimate the thickness
and elemental composition. These pristine samples were subjected to irradaiation using 120 MeV
Ag ions for several irradiation fluences. SHI irradiation induced effects on grain agglomeration
and introduction of crystalline phases in otherwise amorphous HfO> thin films were studied by
employing different characterization techniques. From FESEM measurements, it has been
observed that the pristine HfO> thin film consists of a smooth surface with uniform grains. A
systematic growth in the size of grains from 9 nm to 24 nm and surface roughness with increasing
irradiation fluence have been observed. This increase in the size of grains with increasing ion
irradiation fluence might be attributed to possible agglomeration of grains within affected region.
Pristine film shows amorphous phase, then with increasing fluences, the introduction of
monoclinic phase and at the highest fluence evolution of tetragonal phase within HfO> films have
been noticed as a result of ion induced crystallization. High-k dielectric and high mobility
semiconductor based MOS structures (Au/HfO2/GaAs) were fabricated and ion irradiation effects
on the electrical characteristics (I-V) of these structures, have been studied. It is observed that the
leakage current density of MOS structure decreases with increase in the irradiation fluence up to a
critical fluence (5 x 10'? ions/cm?) and upon increasing the fluence above the critical fluence, leads
to increase in the leakage current density. Further, the I-V characteristics have been investigated
using PF and FN tunneling mechanisms to estimate the involvement from several processes to the
leakage current due to tunneling with respect to applied voltage. The tunneling examinations
shown the pre-existence of several type of defects in the as-deposited samples. The effect of PF
tunneling was found to be decreasing up to the critical fluence (5 x 10*? ions/cm?) which confirms
the decrease in the density of defects/traps due to ion induced defect annealing. However, above
the critical fluence, PF tunneling mechanism dominates which is attributed to increase of
traps/defects which results to rise in the tunneling current. Hence, SHI induced defect annealing
results in decrease (improvement) in the tunneling current and SHI induced defect creation results
in an increase (worsen) in the tunneling current of HfO2/GaAs based MOS devices. Thus, ion
induced annealing of defects at lower fluences is almost established now by our studies in HfO-
based MOS structures that are fabricated in different conditions.
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Chapter-5

Effects of Swift Heavy lon (SHI) and Gamma
iIrradiation on the structural and electrical
properties of HfO2/GaOx thin films

This chapter provides a brief report on the SHI irradiation induced effects on HfO2/GaOx bi-
layered films synthesized on p-type Silicon (100) substrates. As-grown films contain highly
strained inhomogeneous large grains. The average grain size decreases with increasing fluence
which is attributed to SHI induced grain fragmentation. lon-induced inter-diffusion/inter-mixing
of Hf and Ga elements has been observed which leads to the development of inter-mixing of layers
at the interfaces. Further, HfO2/GaO,/Si based Metal Oxide Semiconductor (MOS) capacitors
have been fabricated and the effects of SHI irradiation and Gamma irradiation on the electrical
properties of these devices have been discussed in detail (part of this work is published in Rad.
Eff. Deff. In Sol. 2020, 175 (1-2), 150-159).
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5.1. Introduction

As discussed in previous chapters, in the current generation of Metal Oxide Semiconductor Field
Effect Transistor (MOSFET) based devices, HfO: has already occupied the space of SiO> as the
gate dielectric introduced in 2007 by Intel [1]. For the next generation high-power electronic
devices, there is a great demand for high-performance power semiconductor based devices [2-5].
However, this requirement cannot be accomplished by Si-based standard electronics devices.
Alternate semiconductors which have an energy bandgap more than 3 eV (wide bandgap) with
advanced break-down fields than that of Si, are attractive candidates for the next generation high-
power electronic devices [6-9]. Hence, the current interest is to replace the Si with alternate high
mobility and wide bandgap semiconductors for power electronic device applications [5]. Among
the many superior semiconductor materials, IllI-V group and IlI-VI group compound
semiconductors such as GaAs, GaN, GaSh, InAs and GaOz etc. are capable to attain the future
high speed devices with good electrical characteristics [10]. In recent times, Gallium Oxide
(Ga203) in monoclinic phase (B-phase) has engrossed substantial attention due to its ultra-wide
band gap of 4.8 eV (at room temperature) and can be used in advanced power electronic devices
which can be operated at high temperatures with high speed [11-13]. Furthermore, the theoretical
critical electric field of Ga203 is 8 MV/cm which is very high and well developed melt growth
methods at low cost are already there to fabricate single crystal Ga>Oz substrates with large size
[14]. These unique material properties explore the potential of Ga,Os wide bandgap
semiconductors for the next generation high-power electronic devices. In the past few years, B-
Ga>03 based electronic devices such as Schottky barrier diodes and UV-photodetectors have been
fabricated productively together with MOSFETs and MESFETSs for high-power electronic device
applications [15-19]. Higashiwaki et al. pioneered Ga>Os based MESFETS using single-crystal -
Gax03[20]. Tadjer et al. [21] developed a MOS based transistor on f-Ga>Os substrates using HfO-
gate oxide. Respectable interface properties of high-k gate dielectrics like HfO, with Ga,Oz are
essential for fabricating high competence MOS devices to enhance the electrical characteristics
and to condense off-state leakage currents. Hence the interface studies between HfO, and Ga,Os
and electrical studies of HfO,/Ga,O3 based high-k/wide band-gap MOS devices are necessary to
develop high speed and low power consumption in future MOS devices.
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Swift Heavy lon (SHI) irradiation is a promising tool used in material synthesis, material
characterization and modification of target materials [22-24]. In recent years, ion induced grain
agglomeration, grain fragmentation, phase transformations, inter-diffusion/inter mixing [25, 26]
and subsequent effects on the electrical performance of MOS devices have been reported [27-33].
The energy deposited in the target material via electronic and nuclear energy losses due to SHI
irradiation results in grain fragmentation and inter-diffusion/intermixing at the interface of target
materials [34, 35]. Therefore, it is significant to realize the SHI irradiation effects on surface
morphology, intermixing, ion induced defect creation and subsequent effects on the electrical
characteristics of MOS capacitors. Gamma irradiation is another technique to produce defects. It
can produce defects all over the target material with a lesser amount of density compared to SHI
irradiation. It can cause ionization in the sample which results in the production of electron-hole
pairs. The defects and interface traps which are already present in the as-grown sample confine
these moveable charges. The production of electron-hole pairs and defect creation can be increased
by increasing the gamma irradiation dose. These defects may lead to effects in the electrical
characteristics of MOS capacitors [36]. Hence the effects induced by gamma irradiation on
electrical performance can be governed by the pre-existing defects in the as-grown film before
gamma irradiation. In addition, gamma irradiation can create oxygen vacancies as well as interface
traps in the sample [37-39], which also affect the electrical properties of MOS capacitors. The
study may give valuable information to understand the electrical performance (I-V and C-V) of
MOS capacitors by subjecting them to gamma irradiation to use these devices securely in radiation
environments. These MOS structures are expected to be used in many devices in space and medical
applications such as radiological treatment equipments and physics experiments associated with
high energy such as nuclear power plants. Therefore the radiation (SHI and Gamma) response
studies of these MOS capacitors on their electrical characteristics will be worthwhile.

5.2. Experimental details

5.2.1. Synthesis of thin films: Thin films of GaOx and GaOx/HfO: bi-layers were synthesized on
Si using RF magnetron sputtering technique. Boron-doped p-type Silicon (100) wafers with a
resistivity of 1-10 Q cm were cut into pieces (1 x 1 cm?) each and ultrasonically cleaned in acetone,
isopropanol and deionized water (DIW) for 5 min each. Then, these pieces were dried using

nitrogen gas and immediately loaded on the sample holder inside the chamber at a distance of 12.5
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cm from the sputtering target. Then the chamber was evacuated up to the pressure of 2.64 x 10
mbar and then Ar and N gases of 15 SCCM and 10 SCCM (in 3:2 ratio) respectively were released
inside the chamber. Initially GaOx thin films of ~ 30 nm were synthesized on Si by applying an
optimized RF power of 40 W. These GaOy/Si structures were examined using various
characterization techniques to estimate the thickness and stoichiometry of the as-grown films.
Throughout the deposition, the sample holder was rotated with 10 rpm speed to attain the uniform
growth of films at room temperature and the deposition pressure of 2.2 x 10”2 mbar was maintained.
Using the same deposition conditions, another set of GaOx films of ~ 150 nm thickness were
deposited on Si substrates. Once the deposition of GaOx film was completed, then again the
chamber was evacuated up to the pressure of 2.6 x 10°® mbar without breaking the vacuum, and 30
SCCM of Ar gas was released. An optimized RF power of 60 W was used to synthesize HfO>
films of ~ 30 nm thickness on top of as-grown GaOx films. To synthesize GaOx and HfO> films
GaN and HfO> sputter targets were used respectively. Hasina F. Huq et al. [40] had previously
reported that it is possible to grow GaOx films when GaN targets were sputtered. The existence of
O and the nonexistence of N in our RF sputtered films was confirmed by various characterization

methods.

5.2.2. SHI irradiation: One set of as-deposited HfO2/GaO,/Si structured samples were subjected
to SHI irradiation by Ag ions of energy 120 MeV using a Pelletron accelerator (15 UD tandem) at
IUAC, New Delhi, India. The projected range, Se - electronic energy loss and S, - nuclear energy
loss of 120 MeV Ag ions in HfO, (density 9.68 g/cmq) film were estimated as 8.5 um, 24.9 keV/nm
and 0.14 keV/nm correspondingly. A standard and familiar SRIM software was used for estimation
of these parameters [41]. To avoid the sample heating effects and to achieve uniform irradiation
all over the surface of the target material, a continuous ion beam of a low and constant current of
0.5 particle nano-Ampere (pnA) was used and the beam was scanned over the thin films of area 1
x 1 cm?. The time of irradiation required to achieve the fluence has been calculated by using the
following equation 5.1 (As discussed in previous chapters). By varying the pre calculated time of

irradiation, the ion fluence ranging from 1 x 102 jons/cm? to 1 x 10 ions/cm? was achieved.

Flunce (:;Zi) X Area (cm?)

6.25 X 1012 X Beam current (pnA)

Time (sec) =

(5.1)
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5.2.3. Gamma irradiation: Another set of as-grown HfO./GaO/Si structured samples were
exposed to Gamma irradiation by %°Co gamma rays of energy 1.25 MeV using the Gamma source
1200cc at IUAC, New Delhi, India. For all the samples the dose rate of 4.64 kGy/h was maintained.
A number of radiation doses were achieved by subjecting the samples to gamma source for
different time durations. The samples were irradiated at various doses 4 kGy, 8 kGy, 16 kGy, 32
kGy, 48 kGy and 64 kGy.

5.2.4. Sample Characterization: The as-grown GaOx thin films deposited on Si substrates were
examined using Field Emission Scanning Electron Microscope - Energy Dispersive X-ray
Spectroscopy analysis (FESEM-EDX), Grazing incident x-ray diffraction (GIXRD) and High
Resolution Rutherford Backscattering Spectrometry (HRBS)/Channeling experiments were
carried-out to estimate the thickness, crystal structure and stoichiometry of the films. GIXRD
measurements were performed using Bruker D8 Advance diffractometer with Cu Ka, A = 1.54 A
at University of Hyderabad. The HRBS/Channeling measurements were performed using 500 keV
He" ions at 65° of scattering angle at the Centre for lon Beam Applications, National University
of Singapore, Singapore. Further, as-deposited and irradiated HfO2/GaOx films with various ion
fluences were characterized by different techniques to observe the effects of SHI irradiation. RBS
measurements have been performed at [IUAC, New Delhi, India using 2 MeV He?* ions at 165° of
scattering angle. RBS results were used to evaluate the thickness and elemental composition of
different layers as a function of irradiation fluence. SHI induced inter-diffusion/inter-mixing of
layers has also been studied in detail using RBS measurements. The acquired RBS spectra of
different samples as a function of irradiation fluence were simulated by SIMNRA-7.01 software
[42]. The thickness of HfO> and GaOx layers and corresponding elemental composition of each
layer have been estimated in detail by the simulation. Further, the thickness of the as grown sample
was measured and confirmed by performing cross sectional FESEM measurements and thickness
profile measurements using Ambios XP 200 Profilometer. Surface morphology of HfO2/GaOx bi-
layer films and SHI induced grain agglomeration/fragmentation were studied by FESEM
measurements using Carl ZEISS, FEG, ultra-55 at University of Hyderabad.
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5.2.5. Fabrication and electrical characterization of MOS capacitors: Au/HfO,/GaO,/Si
structured MOS capacitors were fabricated using as-grown, SHI irradiated and Gamma irradiated
samples by depositing top and bottom contacts to perform electrical measurements. As top contact,
metal electrodes of 100 nm thick Au dots with 1 mm in diameter were synthesized using a shadow
mask on top of HfO> film surfaces. As bottom contact, Epoxy resin and conductive Ag paste on
Al foil was used underneath the Si substrates. These two interfaces, TE/HfO, (metal/oxide) and
Si/BE (semiconductor/metal) are expected to behave in the same manner for all the devices. The
schematics of SHI/Gamma irradiation and the fabrication of Au/HfO2/GaO«/Si based MOS
structures are shown in Fig. 5.1. Electrical characterizations such as Leakage current — Voltage (I-
V) and Capacitance- Voltage (C-V) in voltage range from -5 V to 5 V were performed to evaluate
the effects of SHI irradiation on the electrical characteristics of these MOS structures. These
electrical measurements were performed using an Agilent technologies-B1500A semiconductor

device analyzer at Centre for Nanotechnology (CFN), University of Hyderabad.

HfO, (30 nm

GaO,, HfO, films
—_—

Deposition

SHI/Gamma irradiation

Top contact
Au electrodes 120 MeV Ag ions/1.25 MeV ¢Co gamma rays

7N

Au Gate deposition

Top, Bottom contacts

Bottom contact

Fig. 5.1: Schematic representation of SHI/Gamma irradiation and fabrication of MOS structures.
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5.3. Results and discussions

5.3.1. Characterization of thickness and stoichiometry of pristine thin films:
A. Characterization of GaOx thin films:

The elemental composition and thickness of as-deposited GaOx films were evaluated by using
FESEM-EDX and HRBS measurements. The EDX spectrum and elemental composition of as-
deposited GaOx thin film are shown in Fig. 5.2 and Table 5.1 respectively. EDX analysis shows
presence of Ga and O elements with atomic percentages around 17% and 25% respectively on Si

substrate.

0 2 4 6 g 10 12 14 16 18 20
Full Scale 4446 cts Cursor: 0,000 keV|

Fig. 5.2: EDX spectrum of as-deposited GaOx thin film.

Element Weight% Atomic%
@) 20.38 24.97
Si 62.72 57.57
Ga 16.90 17.46

Table 5.1: Elemental composition of as-deposited GaOx thin film.

The HRBS (random and channeled) measurements were carried-out for as-deposited GaOx thin
films. The random, SIMNRA simulated and channeled spectra of the as-deposited GaOx thin film
are shown in Fig. 5.3. From simulation, the stoichiometry of the film is estimated to be around
42% of Ga and 58% of O. The estimated thickness of GaOx film was around 32 nm. The GIXRD

pattern of as-deposited GaOx thin film (see Fig. 5.4) shows an amorphous phase.
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Fig. 5.3: HRBS (random and channeled) spectra of as-deposited GaOx thin film with SIMNRA
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Fig. 5.4: GIXRD pattern of as-deposited GaOx thin film.
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B. Characterization of HfO2/GaOx bi-layer thin films:

The pristine and SHI irradiated HfO2/GaOx bi-layer thin films grown by RF magnetron sputtering
system were studied by different characterization techniques to investigate the impact of SHI
irradiation on structural and electrical properties of the films. The thicknesses of as-grown HfO>
and GaOx films were estimated by cross sectional FESEM measurements as shown in Fig. 5.5(a).
The estimated thicknesses of as-grown HfO, and GaOx films were found to be as 35 nm and 160
nm respectively and the total film thickness was estimated as 195 nm. Further, the bi-layer film
(HfO2/GaOy) thickness was confirmed by thickness measurements performed using Profilometer
as shown in Fig. 5.5(b) and found as around 192 nm. The EDX spectrum and elemental
composition of as-deposited HfO2/GaOx bi-layer thin film are shown in Fig. 5.6 and Table 5.2
respectively. EDX analysis shows presence of Hf, Ga and O elements with atomic percentages

around 8%, 15% and 30% respectively on Si substrate.

:——*-”-"j (b)

4 DU,
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0O 20 40 60 80 100 120 140 160 180 200
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Fig. 5.5: Estimation of as-grown HfO2/GaOx bi-layer film thickness using (a) cross sectional

FESEM measurements and (b) Profilometer measurements (total film thickness).
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Fig. 5.6: EDX spectrum of as-deposited HfO,/GaOx bi-layer thin film.
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Element Weight% Atomic%
@) 20.87 30.00
Si 56.11 46.78
Ga 13.03 15.22
Hf 10.00 8.00

Chapter-5

Table 5.2: Elemental composition of as-deposited HfO2/GaOx bi-layer thin film.
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Fig. 5.7: RBS spectrum of as-grown HfO2/GaOx bi-layer thin film deposited on Si with SIMNRA

simulation.

RBS measurements were performed on as-grown HfO2/GaOx bi-layer thin films and simulated

using SIMNRA as shown in Fig. 5.7. The values of Calibration offset and Energy per channel were
obtained from a standard calibration sample (Au/SiO2).The obtained values of Calibration offset
and Energy per channel were 73.63 keV and 0.989 keV/ch respectively, which were used in
simulation of measured RBS spectrum. The stoichiometry of the film estimated from the SIMNRA
simulation fitting corresponds to HfO, and Ga,Os. The thicknesses of individual layers of HfO>
and GaOx were also estimated from the fitted SIMNRA curve and found as ~ 34 nm and ~ 162 nm

respectively. To estimate the thickness and stoichiometry of the film from the fitting curve, bulk
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densities corresponding to HfO2 and Ga;0s as 9.68 g/cm? and 6.44 g/cm? respectively have been
considered [43-46].

5.3.2. Effects of SHI irradiation

a) Surface structure and Grain fragmentation: The structure, morphology of surface of the
films and SHI induced grain fragmentation were studied using the FESEM measurements. The
FESEM images of the as grown and SHI irradiated HfO2/GaOx bi-layer films deposited on Si
substrates as a function of ion irradiation fluence are shown in Fig. 5.8 (a-f). As-deposited
HfO2/GaOx film surface contains large sized non-uniform grains which are irregularly oriented.
Moreover, each large grain is an arrangement of smaller grains. Generally, this type of surface
morphology is lightly packed, less dense and has a very poor bond among the grains [47]. From
FESEM images, it is observed that with increasing radiation fluence, the structure and size of the
grains have been modified. The diameters of the as-grown and the modified spherical grains due
to irradiation were calculated and the average diameter as a function of irradiation dose were
estimated by Gauss fittings. The graphical representation with Gauss fit is presented in Fig. 5.9
and statistical analysis of estimated mean diameter of spherical grains has been summarized in
Table 5.3.

As grown films show inhomogeneous grains with an average diameter of 34.5 nm. For irradiated
film at the fluence of 1x10% ions/cm?, the large grains start disrupting without any observable
changes in structure while the size of the grains are reduced to 31 nm. Upon further increase of the
irradiation fluence to 5x10%2 jons/cm?, the grains became more disrupted and new grains started
forming within the large grains with a reduced grains size of 28.6 nm. At the irradiation fluence of
1x10% jons/cm?, the formation of new grains further increased within the original large grains and
the average diameter of the spherical grains further reduced to 25.9 nm. Upon further increasing
the irradiation fluence to 5x102ions/cm?, the original large grains were totally demolished and the
formation of new individual grains with uniform spherical structure started with further reduced
average spherical diameter of 16.1 nm. At the highest irradiation fluence of 1x10 ions/cm?, the
film surface is smoothened and the formation of identical spherical grains with further reduced
average grain size of 13.8 nm has been observed. Thus, the mean diameter of grains is decreased
from 34.5 nm to 13.8 nm with increasing the SHI irradiation fluence demonstrating an important

manifestation of SHI irradiation, known as ion beam smoothening.
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Fig. 5.8: FESEM images of HfO2/GaOx film surface as a function of ion irradiation fluence
(a) Pristine, (b) 1x10*? ions/cm?, (c) 5x10'2 ions/cm?
(d) 1x10%2 jons/cm?, (e) 5x10% ions/cm? and (f) 1x10%* ions/cm?

(inset: zoomed image shows grains within the grains)
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Fig. 5.9: Size distribution of as-grown and SHI irradiated HfO2/GaOx grains
as a function of ion irradiation fluence
(a) - Pristine, (b) — 1x10* ions/cm?, (c) — 5x10'2 ions/cm?

(d) — 1x10*2 jons/cm?, (€) — 5x10*2 ions/cm? and (f) — 1x10' ions/cm?.

126



Chapter-5

sample 1D Irradiation dose | AVS- diameterof 1 o jard deviation
(ions/cm?) spherical grains (nm) (nm)
Pristine 0 34.5 9.1
1E12 1 x 1012 30.1 7.0
5E12 5 x 10%2 28.7 6.1
1E13 1x 108 25.9 5.4
5E13 5x 10'° 16.1 3.3
1E14 1x10% 13.8 3.1

Table 5.3: Average diameters of as-grown and SHI irradiated spherical HfO2/GaOx grains as a

function of irradiation fluence.

The change in grain size and surface morphology of the film after SHI irradiation can be explained
in terms of SHI induced grain fragmentation within the grains of the film. In literature, SHI induced
grain fragmentation in fluoride thin films has been reported [48, 49]. This type of surface
morphology of large grains for as-grown films corresponds to very high strained grains. The highly
strained grain structures are expected to be relaxed to become stress-free during the irradiation
process leading to the grain fragmentation. Therefore the electronic energy loss due to SHI
irradiation plays the main role in observed changes in film surface morphology, grain

fragmentation and formation of new individual homogeneous spherical grains.

GIXRD measurements were performed on HfO2/GaOx bi-layer thin films and the diffraction
patterns are shown in Fig. 5.10. All the HfO,/GaOx bi-layer thin films exhibit amorphous nature.
However, no significant changes in the phase of HfO2/GaOx bi-layer thin films were observed in
the irradiated films over as-grown films, even-though there are significant changes in their

morphology.
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Fig. 5.10: GIXRD patterns of HfO2/GaOx bi-layer thin films.

As mentioned earlier, in some advanced CMOS transistors, standard gate oxide SiO> has been
replaced by HfO; [1]. Therefore, it is significant to elucidate the strength of HfO, interface with
different superior semiconductors. It is recognized that SiO- is highly susceptible over the Si to
irradiation induced track formation. This encouraged us to understand the effects of SHI on
HfO2/GaAs interface even though the SHI induced inter-mixing is observed in Si/HfOg,
HfO2/GaOx/Si, HfO./SION/Si and HfO./SiO,/Si interfaces [27, 32]. SHI irradiation can cause
inter-diffusion of elements and can lead to the formation of inter-mixing of layers across the
interfaces [50-52]. Hafnium, Oxygen and Gallium atoms are expected to diffuse across the
HfO./GaOx and HfO2/Si interfaces under SHI irradiation.
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Fig. 5.11(a) - RBS spectra of as-grown and irradiated samples as a function of irradiation fluence.

(b), (c), (d) - zoomed spectra corresponding to the surface edges of Si, Ga and Hf respectively.
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Measured RBS spectra of as-grown and SHI irradiated samples as a function of irradiation fluence
are shown in Fig. 5.11(a). Particularly, the zoomed spectra corresponding to the surface edges of
Si, Ga and Hf are shown in Fig. 5.11(b), Fig. 5.11(c) and Fig 5.11(d) respectively. From these
zoomed spectra of Si, Hf and Ga, it is observed that Hf and Ga diffuse in the direction of arrow
i.e. towards the substrate, whereas Si diffuses in the opposite direction. This can lead to the
development of intermixed layers at the interfaces. On the other hand, an inter-mixing of layer in
between HfO. and Si is necessary for HfO2 based MOS devices as HfO itself is not thermally
stable on Si. Therefore, it is significant to understand the irradiation effects on “Si/GaOx/HfO,”
interfaces. Current study offers valuable information for studying the effects of SHI irradiation on
such “Si/GaOx/HfO.” interfaces.

b) Electrical characteristics: MOS capacitors were fabricated by making top and bottom
electrodes on as-grown and SHI irradiated samples. The current conduction mechanisms of these
MOS capacitors were studied by performing I-V measurements while the High frequency (1 MHz)
C-V measurements were performed to understand the memory performance as a function of
irradiation fluence and the data is shown in Fig. 5.12(a) and Fig. 5.13(a). From I-V characteristics,
the value of leakage current density at -1 V is seen to decrease from 1.4 x 10° A/cm?to 6.8 x 10-
10 A/em? for the irradiation fluence of 1x10'2ions/cm? when compared to that of as-grown MOS
structure as shown in Fig. 5.12(b). For the irradiation fluence of 5x10% ions/cm?, the leakage
current density is found around 1.5 x 10° A/cm?, which is attributed to the annealing of defects in
the as-grown film through the electronic ionization/excitation produced due to SHI irradiation.
Upon increasing the fluence to 1x10%3ions/cm?, an increase in the leakage current density to 2.1 x
10° A/cm? has been observed. This leakage current density is almost equal to that of the as-grown
MOS structure. Further increase in the irradiation fluences to 5x10*® ions/cm? and 1x10**ions/cm?
lead to a systematic rise in the tunneling current to 1.0 x 10® A/cm? and 1.3 x 10® A/cm?
respectively. This can be attributed to SHI induced defect creation upon a certain fluence and inter-
diffusion/intermixing effects. Thus, the tunneling current decreases up to a certain irradiation
fluence and increases above this critical fluence. This increase in leakage current density can lead
to local heating effects and may further deteriorate the device performance. The existence of
critical fluence suggests that a low dose treatment can improve the device performance and
suggests a limit on the highest fluence that a device can withstand during various processing steps

and or in their real time operation.
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Fig. 5.12: (a) I-V characteristics of MOS capacitors and (b) current density at applied voltage of

+1 V as a function of SHI irradiation fluence.
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Fig. 5.13: (a) C-V characteristics of MOS capacitors and (b) accumulation capacitance at applied

voltage of -2 V as a function of SHI irradiation fluence.

As discussed above, when an lon interacts with a solid, at lower fluences, annealing of defects
takes place due to inelastic collisions of ions with the target atoms i.e. electron energy loss which
results in ionization and excitation of target atoms. It is observed that, up to the critical fluence

(5x10* ions/cm?) SHI induced defect annealing dominates and after this critical fluence, SHI
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induced defect formation and possible development of intermixing layer dominates. Hence, for the
fluences above this critical fluence, an orderly increase in the leakage current density has been
observed. This phenomenon of SHI induced defects annealing, defect creation and inter-
diffusion/in-intermixing effects are consistent with our earlier studies on SHI irradiation effects on
HfO2/SiO/Si and HfO,/Si interfaces [27, 32, 53].

From the C-V characteristics, an orderly decrease in the capacitance in the accumulation region
with an increase of radiation fluence has been observed as shown in Fig. 5.13(b). It can be
attributed to the inter-diffusion or formation of inter-mixing layer at the interface which leads to a
change in thickness and dielectric constant of the oxide layer. As the irradiation fluence increases,
a shift in flat band voltage and mid gap voltage towards the negative voltage have also been
observed. This direction of flat band voltage shift indicates the polarity of SHI irradiation induced
trapped charges on the oxide layer. Negative voltage shows an increase in the number of positive
trapped charges. During the process, electrons can be swept out due to their higher mobility when
compared to holes. Hence, the produced holes are trapped in the oxide layer which are responsible
for a negative shift in the flat band voltage Thus, SHI irradiation results an orderly decrease in the
capacitance in the accumulation region and an increase in the number of positive trapped charges
due to SHI induced mixed layer and defect creation respectively. Hence, this study gives valuable
information when such MOS structures based devices are to be used in harsh radiation
environments, expected to be encountered in space, medical applications and experiments

associated with high energy such as nuclear power plants.

5.3.3. Effects of Gamma irradiation

Gamma irradiation is another technique to study the influence of defects on the performance of
electronic devices. Gamma irradiation can produce defects all over the target material with a lesser
amount of density compared to SHI irradiation. A set of as-grown samples were subjected to
irradiation at numerous doses 4 kGy, 8 kGy, 16 kGy, 32 kGy, 48 kGy and 64 kGy at a constant
irradiation dose rate of 4.64 kGy/h.

Electrical characteristics: MOS capacitors were fabricated by making top and bottom electrodes
on as-grown and gamma irradiated samples. The current conduction mechanisms of these MOS
capacitors were studied by performing I-V measurements while the High frequency (1 MHz) C-V

measurements were performed to understand the memory performance as shown in Fig. 5.14 (a)
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and Fig. 5.15(a). An orderly increase in the tunneling current has been observed with increasing

of gamma dose.
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Fig. (a) 5.14: 1-V measurements of MOS capacitors and (b) current density at applied voltage of

1V as a function of gamma irradiation dose.

From I-V characteristics, it is observed that the leakage current density rises systematically with
increasing gamma dose. As shown in Fig. 5.14(b), the value of leakage current density at -1 V
increases from 1.2 x 10" Alcm?to 1.4 x 10”7 A/cm? when the as-grown sample is irradiated with a
dose of 4 KGy. At the same applied voltage, the leakage current density is found to increase to 2.5
x 107 A/lcm? for the irradiation dose of 8 KGy. With further increase in the dose to 16 KGy, the
leakage current density increases to 6.6 x 10”7 A/cm?. Upon increasing the dose to 32 KGy, the
current density increases to 1.2 x 10 A/cm?. At this dose, the leakage current density got increased
by an order of magnitude when compared to that of an as-grown sample. The leakage current
density further increases to 2.2 x 10° A/cm? and 1.8 x 10° A/cm? for the irradiation doses of 48
KGy and 64 KGy respectively. Almost two orders of magnitudes increase in the tunneling current
for these doses is observed as compared to that of an as-grown sample. This increase in leakage
current with respect to irradiation dose shows the existence of several types of defects in oxide
films. This is due to the increase of interface traps and oxide trapped charge densities. On the other
hand, the existence of defects are expected when these type of devices are used in radiation harsh

environments.
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Fig. 5.15: (a) C-V measurements of MOS capacitors and (b) accumulation capacitance at applied

voltage of -2 V as a function of gamma irradiation dose.

From the C-V characteristics, a systematic increase in the accumulation capacitance as a function
of irradiation fluence has been observed as shown in Fig. 5.15(b). As the gamma irradiation dose
increases, production of electron-hole pairs is expected to increase and these moveable charges
may get trapped by the defects that are present in the as-grown samples which results in higher
accumulation capacitance. The presence of trapped charges can increase the capacitance density
[54]. Therefore, the pre-existing defects in the as-grown film mostly contribute to the increase in
the accumulation capacitance. In addition to the increase in the accumulation capacitance, slight
shift in the flat-band voltage towards negative voltage has been observed for higher gamma
irradiation doses. As mentioned above, this direction of flat band voltage shift indicates the polarity
of gamma irradiation induced trapped charges. Negative voltage shows an increase in the number
of positive trapped charges. This study suggests that the presence of defects and the initial structure
of the samples may encourage the subsequent development of defects induced by gamma
irradiation. Pre-existing defects in the film have the capability to trap the moveable electron-hole
pairs produced through the irradiation process prior to the recombination. The possibility of
recombination of electron-hole pairs would be high in the absence of any defects during the gamma
irradiation. On the other hand, the existence of defects are expected when these type of devices are

used in radiation harsh environments like those encountered in space and nuclear power plants.
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Therefore, this study is essential to realize these radiation damage evolution mechanisms and

radiation tolerance of such devices when they are operated in radiation harsh environments.
5.4. Conclusions

Using RF magnetron sputtering deposition method, bi-layered thin films of GaOy (150 nm)/HfO,
(30 nm) have been synthesized on 1 x 1 cm? sized Si substrates. The thickness of each layers have
been estimated by cross-sectional FESEM and Profilometer measurements. RBS measurement has
been performed on an as-grown sample and simulated the spectra with SIMNRA to estimate the
thickness and elemental composition. One set of as-deposited HfO./GaOx/Si structured samples
were subjected to SHI irradiation by Ag ions of energy 120 MeV for various irradiation fluences
and the structural and electrical properties of as-grown and SHI irradiated samples have been
studied by employing different characterization techniques. From FESEM measurements, it has
been observed that as-grown films contain highly strained, inhomogeneous and non-uniform large
grains with average grain size of 34.5 nm which are arbitrarily oriented. SHI irradiated films show
development of new grains with decreased average size. At highest irradiation fluence, formation
of homogeneous spherical uniform grains with average size of 13.8 nm have been observed. This
decrease in the grain size is attributed to SHI induced grain fragmentation. The highly strained
grain structures are expected to be relaxed to become stress-free during the irradiation process to
induce grain fragmentation. After SHI irradiation, SHI induced inter-diffusion of atoms and
formation of intermixing layers at the interfaces have been observed. HfO2/GaOx based MOS
capacitors have been fabricated by depositing top and bottom electrodes on as-grown and SHI
irradiated samples to study the SHI irradiation induced effects on the electrical characteristics of
these MOS capacitors. At lower irradiation fluences, due to SHI induced annealing of defects, a
decrease in the leakage current density has been observed up to the fluence of 5x10*2 jons/cm?.
Further increase in the irradiation fluences to above the critical fluence results an orderly increase
in the leakage current density. This increase in the leakage current density can be attributed to SHI
induced defect creation up to a certain fluence and inter-diffusion/intermixing effects. Thus, the
tunneling current decreases up to a certain irradiation fluence. Then upon increasing the fluence
beyond that fluence, results in increase of leakage current density that leads to increase in local
heating effects. Hence the device performance may further worsen during its operation. From the

C-V characteristics, a systematic increase in the accumulation capacitance as a function of
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irradiation fluence has been observed and is attributed to the development of an intermixed layer
that can modify the effective thickness of the oxide. In addition to the decrease in the accumulation
capacitance, shift in flat band voltage and mid gap voltage towards the negative voltage has also
been observed which is attributed to increase in number of positive trapped charges as a function
of irradiation fluence. Another set of as-grown samples were subjected to gamma irradiation. From
I-V measurements we notice a systematic increase in the leakage current density with gamma
irradiation dose increase, which is attributed to the pre-existence of defects in the as-grown
samples and increased defects and trapped charges due to gamma irradiation. From the C-V
characteristics, a systematic increase in the accumulation capacitance and a slight shift in the flat-
band voltage towards negative voltage as a function of irradiation fluence is noticed which may be
accredited to the probable increase in number of positive trapped charges. Therefore, this
irradiation induced study gives valuable information when such devices are to be used in harsh
radiation environments as these MOS structures are expected to be used in many devices in space,

medical applications and experiments associated with high energy such as nuclear power plants.
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Effects of Laser Annealing on the structural
and electrical properties of HfO, and
AU/HTO? thin films deposited on Si

The main aim of this chapter is to report on fabrication of high-density arrays of gold
nanoparticles on the surface of HfO> thin films without altering the phase of HfO> using an
athermal laser annealing technique. HfO, (~ 30 nm) thin films synthesized on Si substrates by e-
beam evaporation technique were exposed to Laser Annealing. Structural and electrical properties
of pristine and laser annealed HfO- thin films have been studied as a function of the number of
laser pulses incident on the sample. It is observed that pristine and laser annealed films are
predominantly amorphous in nature, though there are observable changes in their morphology.
Further, Au (~ 5 nm) and amorphous HfO2 (~ 10 nm) films deposited on Si by thermal evaporation
and e-beam evaporation methods respectively were subjected to Laser Annealing to produce an
array of Au nanoparticles. Here, it is necessary to note that the usual thermal annealing methods
would modify the phase of the HfO». The structural modifications and optical properties of as-
grown and laser annealed gold nanoparticles have been elucidated by performing FESEM,
GIXRD and UV-Vis absorption measurements. The leakage current conduction through the gate
oxide with and without embedded Au nanoparticles has been studied by several tunneling
mechanisms by investigating the Leakage current — Voltage (I-V) characteristics. Memory
performance of MOS structures with and without embedded Au nanoparticles has been studied by
Capacitance — Voltage (C-V) measurements. Applications of these high-density Au nanoparticles
in the fabrication of SERS substrates for molecular detection and floating gate type memory
devices have been discussed in detail (part of this work is published in J Mater Sci: Mater
Electron. 2022, 32:2973-2986).
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6.1. Introduction

In previous chapters, the effects of electronic excitation induced by Gamma irradiation and SHI
irradiation on the structural changes and subsequent effects on the electrical characteristics of HfO>
thin films deposited on high mobility and wide band gap semiconductors have been studied. In
this chapter, the effects of electronic excitation induced by laser annealing/irradiation on HfO> thin
films will be discussed. In recent years, the effects of electronic excitation by laser
annealing/irradiation on various properties has attracted significant attention [1, 2]. Laser
irradiation/annealing induced defect creation in oxides, crystallization and inter-diffusion/inter-
mixing by using ultrafast lasers have been reported [3-5]. Rittman et al. [6] reported the phase
transition in ZrO2 from monoclinic to tetragonal phase by employing ultrafast laser irradiation and

the results are consistent with the phase transformations due to SHI irradiation [7].

As discussed in previous chapters, the standard gate oxide SiO2 has been replaced by HfO2 in some
advanced CMOS transistors [8]. Further, to increase the storage capacity and to improve the
retention characteristics of floating gate-based flash memory devices, incorporation of metal or
semiconductor nanoparticles (NPs) in-between the two high-k dielectric gate oxide layers has been
proposed [9-12]. In flash memory devices, an electrically floating metal gate is there within the
gate oxide [13]. In 1967, a polysilicon-based floating gate-based flash memory was invented by
D. Kahng and S. M. Sze [14]. This will certainly increase the dielectric loss and leakage current
as compared to that of an oxide without an embedded floating metal gate. However, this gate is
essential for getting the memory feature. In current flash memory devices, a metal floating gate
within the gate oxide and a common gate on the top of the gate oxide are there [13]. When a high
Vs is applied such that a huge Avalanche current flows during the set operation. This will induce
a charge on the embedded floating gate. Now, ideally, this charge on the floating gate cannot
escape even if the Vs is removed. This charge will turn the device ON and hence the device is
non-volatile. This charge can be removed only by applying reverse voltage or by subjecting it to
UV for erasing the memory. Hence an embedded floating metal gate is required for fabricating
these memory devices. Now this continuous floating gate is being replaced by "isolated metal NPs"
[15]. The dielectric loss will be less for the device with isolated metal NPs based floating gate
memory devices than that of a device with continuous floating metal gate [16]. The floating gate-

based memory devices with embedded metal NPs have the benefits of extensive range of work-
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functions, unconventional efficiency and low operating voltages as compared to the memory
devices with embedded semiconductor NPs [17]. When an array of isolated NPs is used as a
floating gate, then each isolated particle will store the charge. Some particles will hold the total
charge even if they lose their charge over some unwanted leakage paths. Hence, such a memory
device will have superior retention characteristics as compared to that of the devices which use a

continuous metal layer as an embedded floating gate [16].

To increase the storage capacity and to improve the retention properties of these floating gate-
based memory devices, integration of large work-function metal NPs like Silver (Ag), Gold (Au)
and Platinum (Pt) in-between the two oxide layers have been reported [18]. Among these NPs with
large work-functions, Au NPs gained more attention because they are easily produced, possess
greater density of states and large work function (5.1 eV), which produces deep potential well that
avoids retention loss of the devices and improves carrier confinement [19, 20]. One more
significant use of these isolated metal NPs is in the fabrication of substrates for SERS spectroscopy
based molecular detection. Large work-function isolated metal NPs such as Au and Ag, have
significance in SERS studies for molecular detection because they can favor plasmonic resonance
[21, 22]. The SERS studies for molecular detection essentially deal with the improvement in the
electromagnetic field due to the confined surface plasmon resonance. This improvement in the
electromagnetic field is directly related to the size, shape, uniformity and density of metal NPs
[23, 24].

For producing an array of high density Au NPs, several thin film deposition techniques such as
RF/DC Sputtering, electron beam (e-beam) evaporation, Chemical Vapor Deposition (CVD) and
Atomic Layer deposition (ALD) have been used [25-28]. To achieve the uniform spherical NPs,
post deposition Thermal Annealing (TA), Rapid Thermal Annealing (RTA) and lon beam
irradiation methods have been used [29, 30]. Floating gate type memory devices with high density
metal NPs have large charge storage capacity. On the other hand, floating gate type memory
devices with good uniform metal NPs are helpful in enhancing the reproducibility of device
properties [31]. TA and RTA procedures have been widely used to produce Au NPs in-between
two HfO: thin-film layers [32, 33]. However, the usual TA and lon beam irradiation procedures
are known to crystallize the tunneling oxide layer which result in an increase in the leakage currents

due to tunneling and can deteriorate the device properties, particularly, for modern alternate high-
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k dielectric oxides like HfO, [34-36]. Now, the main challenge is to produce an array of high-
density metal NPs without affecting the phase of the underneath tunneling oxide layer. Non-
thermal methods such as Laser Annealing (LA) offer alternate techniques to anneal layers of
interest without altering the phase of the substrates and/or the surrounding medium.

In 2016, Nikolaos Kalfagiannis et al. [37] suggested this method of Modifying NP Arrays by Laser
Induced Self Assembly (MONA-LISA) to yield the pre-determined patterns of metal
nanostructures. In 2018, L. Kastanis et al. [38] used the LA method to achieve uniformly spaced
Au nanocrystals (NCs) and developed n-Si/SiO2/Au-NCs/Y.03/Au structured floating gate type
memory devices. LA is a technique capable of producing Au NPs because it offers a high degree
of control over the formation of NPs and it has a benefit of defect minimization in the underneath
tunneling oxide layer [39]. Furthermore, the LA method can be used in producing uniformly high-
density metal NPs in-between the gate oxide layers without modifying the phase of high-k

dielectric oxides.

In this chapter, the structural and electrical properties of pristine and laser annealed HfO thin films
have been studied as a function of the number of laser pulses incident on the sample. Further, this
non-thermal LA technique has been used to synthesize an array of high density Au NPs on the
surface of amorphous HfO» thin-films without modifying the phase of HfO». Structural and optical
properties of these Au NPs have been studied. The leakage current conduction through the gate
oxide with and without embedded Au NPs has been studied by several tunneling mechanisms by
investigating the I-V characteristics. Memory performance of MOS structures with and without
embedded Au nanoparticles has been studied by C-V measurements. These Au NPs can be used
as SERS substrates for molecular detection and embedded Au NPs in HfO> matrix can enhance

the storage capacity of the floating gate type memory devices.
6.2. Experimental details

6.2.1. Synthesis of thin films: The main objectives of this chapter are 1) to study the effects of
LA on the structural changes and subsequent effects on the electrical characteristics of HfO thin-
films, 2) to fabricate a high density array of Au NPs on the surface of HfO, by LA method without
affecting the phase of HfO.. For this purpose, we have deposited HfO> thin-films of ~ 30 nm and
~ 10 nm on Boron doped p-type (1-10 Qcm) Silicon (100) and Quartz substrates using electron
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beam (e-beam) evaporation system. Prior to the deposition, Si and Quartz substrates were cut into
the pieces of size 1 cm x 1 cm each and cleaned using ultra-sonication in acetone followed by
isopropanol and deionized water each for 5 min. Then, these substrates were dried with nitrogen
gas and instantly loaded into the chamber. We used commercially available pellets of HfO> (purity
99%) as a target material for e-beam evaporation to deposit HfO2 thin-films on these substrates.
After loading the substrates, the deposition chamber was evacuated to 1.4 x 10® mbar pressure. 10
standard cubic centimeters per minute (SCCM) of O, gas was pumped into the chamber throughout
the deposition of HfO; thin-films. On the surfaces of these as-grown ~ 10 nm HfO; thin-films, a
thin non-continuous layer of Au (~ 5 nm) was deposited using thermal evaporation method in the

same deposition chamber without disturbing the vacuum.

6.2.2. Laser Annealing: These HfO; thin-films of ~ 30 nm and Au (~ 5 nm)/HfO2 (~ 10 nm) bi-
layered samples were subjected to LA by using a Kr F excimer laser system having the wavelength
of 248 nm (Coherent-Complex Pro 102 F available in-house) at the repetition rate of 10 Hz. The
laser fluence (300 m J cm™) and laser spot size (1 x 1 cm?) were maintained constant throughout
the LA process for all the samples. HfO2 thin-films of ~ 30 nm thickness were subjected to LA by
varying the number of laser pulses from 100 to 2000. Further, an array of uniform and high density
spherical Au NPs have been synthesized by changing the number of laser pulses incident on the
sample. An array of high density spherical Au NPs have been produced by varying the number of
laser pulses from 100 to 500.

6.2.3. Sample Characterization: As-grown and laser annealed HfO> and Au/HfO: bi-layer thin
films deposited on Si and Quartz substrates as a function of number of laser pulses, were
characterized by different techniques to study the effects of LA. FESEM measurements were
performed on as-grown and laser annealed HfO> and Au-NPs/HfO films deposited on Si to
estimate the size, surface morphology and uniformity using Carl ZEISS, FEG, ultra-55 microscope
available in-house. FESEM - Energy Dispersive X-ray Spectroscopy analysis (EDX)
measurements were performed to study the elemental composition. Ultra Violet - Visible (UV-
Vis) absorption measurements (in the range of 200 nm — 1100 nm) of as-grown and laser annealed
Au-NPs/HfO- films deposited on quartz substrates as a function of number of laser pulses were
performed using UV-visible-NIR spectrometer. Grazing incident x-ray diffraction (GIXRD)

measurements were performed on as-grown and laser annealed HfO> and Au-NPs/HfO; films
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deposited on Si to study the phase changes using Bruker D8 Advance diffractometer with Cu Ka,
L = 1.54 A. Surface Enhanced Raman Spectroscopy (SERS) measurements were performed by
drop-casting Rhodamine 6G (R6G) dye on the surface of as-grown and laser annealed Au-
NPs/HfO. films deposited on Si. A laser of 632 nm excitation wavelength (LabRAM HR
Evolution-HORIBA Scientific confocal Raman microscope with 100X magnification available in-

house) has been used for SERS measurements.

6.2.4. Fabrication and electrical characterization of MOS capacitors: On top of these uniform
spherical Au NPs produced on HfO/Si using LA at 500 laser pulses, one more layer of HfO. ~ 20
nm was synthesized by same e-beam evaporation technique under the same deposition conditions
used for depositing tunneling oxide layer of HfO». This new layer of HfO of thickness ~ 20 nm is
considered as a blocking layer. As top electrode (TE), metal electrodes of 100 nm thick Au dots
with 1 mm in diameter were synthesized using a shadow mask on top of the blocking layer of HfO>
and as-grown and laser annealed HfO> (~ 30 nm) thin-films. As bottom electrode (BE), Epoxy
resin and conductive Ag paste on Al foil was used underneath the Si substrates. To compare the
influence of laser annealed Au NPs embedded in HfO> matrix on the electrical characteristics, a
MOS capacitor without embedded Au NPs in the oxide layer (pristine HfO, ~ 30 nm) was also
fabricated. These two interfaces TE/HfO, (metal/oxide) and Si/BE (semiconductor/metal) are
expected to behave in the same manner for both the devices with and without Au NPs in the HfO-
layer. Therefore, the changes in the electrical characteristics (leakage currents and Capacitance
hysteresis) of these MOS capacitors are attributed to the presence or absence of Au NPs in the
oxide layer. The schematics of laser annealing and final structures of MOS capacitors without Au
NPs (Au/HfO2/Si) and with Au NPs (Au/HfO2/Au-NPs/HfO/Si) are shown in Fig. 6.1 and Fig.
6.2 respectively. Electrical characterizations such as Leakage current — Voltage (I-V) in voltage
range from -5 V to 5 V and Capacitance — Voltage (C-V) in the same voltage range at 1 MHz
frequency were performed on both the devices with and without Au NPs in the HfO> layer by using
an Agilent technologies (B1500A) semiconductor device analyzer at in-house Centre for
Nanotechnology (CFN).
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HfO, film HfO, (30 nm)
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Fig. 6.1: Schematic representation of laser annealing and fabrication of HfO; based MOS

capacitor without Au NPs.

Au layer (5 nm)

No Phase change in HfO,
Au NP’s

HfO,, Au films
—_—— 0nm
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Au Gate deposition
—
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Fig. 6.2: Schematic representation of fabrication of Au NPs embedded HfO, dielectric based
MOS capacitor.

147



Chapter-6

6.3. Results and discussions

A. Effects of laser annealing on the structural and electrical properties of HfO2 thin films:

HfO> thin films of ~ 30 nm thickness were subjected to LA by varying the number of laser pulses
from 100 to 2000. The structural modifications and electrical characteristics of pristine and laser

annealed HfO- thin films have been studied by employing various characterization techniques.

Fig. 6.3: The FESEM images of as-grown and laser annealed HfO. thin films.
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The structure and morphology of the surface of HfO> thin films were studied by performing
FESEM measurements. The FESEM images of as-grown and laser annealed HfO, thin films are

shown in Fig. 6.3.

2010 2 4 6
Full Scale 1507 cts Cursor: 0.000 keV| Full Scale 1545 cts Cursor: 0.000
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keV| Full Scale 1711 cts Cursor: 0.000 keV|

2 4 6
ull Scale 1965 cts Cursor: 0.000

1 2 4 6 8 10 12 14 16 18 20| p 2 4 6 8 10 12 14 16 18 20|
ull Scale 1585 cts Cursor: 0.000 keV| Full Scale 1729 cts Cursor: 0.000 keV|

Fig. 6.4: The EDX spectra of pristine and laser annealed HfO; thin films (inset: color mapping of

elemental compositions; Si - Green, Hf - Blue, O - Red).
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From FESEM images, changes in the surface structure, morphology and size of the grains have
been observed with increasing number of laser pulses. As-deposited HfO film consists of a smooth
surface with uniformly small grains. As the number of laser pulses increases, the small grains start
growing, which leads to the formation of new grain boundaries with increasing grain size as a
function of the number of laser pulses. Thus, the laser annealed HfO, films consist of uniform
grains with increase in size and surface density. This increase in the grain size with increasing
number of laser pulses may be attributed to a possible agglomeration of grains under electronic

excitation. Similar effects were earlier observed in ion-irradiated samples [34].

The elemental compositions of the pristine and laser annealed HfO> thin films were elucidated by
FESEM-EDX analysis. The EDX spectra and elemental compositions of pristine and laser
annealed HfO; thin films are shown in Fig. 6.4. EDX analysis suggests that the stoichiometry of

the pristine and laser annealed HfO; thin films are almost the same. This conforms the fact that the

film is intact even after 2000 laser pulses.
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Fig. 6.5: GIXRD patterns of pristine and laser annealed HfO> thin films.

(Arrows show the expected crystal planes corresponding to the monoclinic HfO»)
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GIXRD measurements were performed on the pristine and laser annealed HfO; thin films to study
the effects of LA on the crystalline phases in HfO2 films. GIXRD patterns of as-grown and laser
annealed HfO: thin films are shown in Fig. 6.5 as a function of the number of laser pulses. The
GIXRD pattern of pristine HfO: thin film indicates dominance of the amorphous phase of HfO».
The GIXRD patterns of laser annealed HfO thin films did not show the evolution of any crystalline
phases in HfO2 thin films up to 2000 laser pulses. Therefore, the pristine and laser annealed HfO>
thin films are predominantly amorphous in nature, though there are observable changes in their

morphology.

PL measurements were performed to study the defect (O-vacancies) dynamics in as-grown and
laser annealed HfO; thin films and the spectra are shown in Fig. 6.6. The assignment of defects
related to various types of O-vacancies are shown in Table 6.1. The excitation energy of 3.5 eV
was used such that the excitation energy is much lower than the bandgap of HfO,. Therefore, the
detected PL within the range of excitation energy is mainly due to the transition from defect/mid-

bandgap states.

The PL spectra of as-grown film shows a broad peak which is de-convoluted as a combination of
multiple peaks corresponding to 401 nm (~ 3.1 eV), 432 nm (~ 2.9 eV) and 478 nm (~ 2.6 eV)
using peak fitting. Some of the observed PL peaks are attributed to the defect states related to
known O-vacancies in HfO2 thin films [34, 40, 41]. It is observed that, with increasing number of
laser pulses the intensity of the PL spectra decreases with a slight shift in the peak positions which
may be attributed to the annealing of defects due to laser annealing. The PL spectra of HfO: film
annealed with 2000 laser pulses show evolution of new peak around 467 nm (~ 2.7 eV). Wen et
al. [40] stated that the PL peak positions at 2.7 and 2.9 eV correspond to the positively charged O-

vacancy states known as Vo?* and Vo respectively.
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Fig. 6.6: PL spectra of pristine and laser annealed HfO- thin films.
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Number of laser pulses  PL peak positions (nm)  Defect assignment

Pristine 401 (3.1eV) -
432 (2.9 eV) Vo*
478 (2.6 eV) -

100 pulses 400 (3.1eV) -
432 (2.9 eV) Vo*
472 (2.6 eV) -

200 pulses 400 (3.1 eV) -
433 (2.9 eV) Vo*
474 (2.6 eV) -

300 pulses 398 (3.1eV) -
434 (2.9 eV) Vo*
476 (2.6 eV) -

400 pulses 401 (3.1eV) -
433 (2.9 eV) Vo*
491 (2.5eV) -

500 pulses 402 (3.1 eV) -
433 (2.9 eV) Vo*
491 (2.5eV) -

1000 pulses 395 (3.1eV) -
429 (2.9 eV) Vo*
479 (2.6 eV) -

2000 pulses 403 (3.1eV) -
445 (2.9 eV) Vo*
467 (2.7 eV) Vo?*

Table 6.1: PL peak positions and defect assignment related to O-vacancies.

Further, to study the effects of laser annealing on the electrical properties, Au/HfO2/Si MOS
capacitors were fabricated by depositing top and bottom electrodes. The current conduction and
capacitance of the MOS capacitors were studied by performing I-V and C-V measurements on the

corresponding MOS capacitors as shown in Fig. 6.7 and Fig. 6.8 respectively.
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Fig. 6.8: C-V characteristics of pristine and laser annealed HfO, based MOS capacitors.
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From |-V characteristics, a slight decrease in the leakage current density has been observed with
increasing number of laser pulses which may be attributed to the observed defect annealing due to
laser annealing. From C-V characteristics, a slight shift in the flat band voltage towards negative
voltage with decrease in the accumulation capacitance has been observed with increasing number
of laser pulses. This may be attributed to the structural modification of HfO. thin films and

observed variations in the defect states due to laser annealing.

Effects of laser annealing on the structural changes and subsequent effects on the electrical
characteristics of HfO> thin films have been studied. The main result of this study is that, as-grown
HfO> thin films are in amorphous phase and they remain the same (predominantly amorphous in
nature) before and after laser annealing though there are observable changes in their morphology.
It is reported that the usual thermal annealing and lon beam irradiation processes are known to
crystallize the modern alternate high-k dielectric oxides like HfO2, which results in an increase in
the leakage currents due to tunneling and can deteriorate the device properties [34-36]. Hence, the
alternate techniques like laser annealing can improve the HfO, based MOS device characteristics
by minimizing defects in the HfO> films. Therefore, this technique can be further used to produce
metal nanoparticles on the surface/inside of HfO> thin films without modifying the phase of HfO.

for floating gate type memory device applications.
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B. Effects of laser annealing on Au/HfO: bi-layer thin films:

As-grown Au/HfO> bi-layer thin film was characterized by FESEM-EDX analysis to study the
elemental composition in the film. EDX spectrum and elemental composition of as-grown film are
shown in Fig. 6.9 and Table 6.2 respectively. EDX analysis shows the presence of Au, Hf and O

elements with atomic percentages around 5%, 16% and 34% respectively on Si substrate.
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Fig. 6.9: EDX spectrum of as-grown Au/HfO; bi-layer.

Element Weight% Atomic%
OK 15.47 33.92
SiK 35.24 45.00
Hf M 34.33 16.10
AuM 14.96 4.98

Table 6.2: Elemental composition of as-grown Au/HfO; bi-layer.

These bi-layered thin films were subjected to LA by varying the number of laser pulses incident
on the sample from 100 to 500. The structural, optical and electrical properties of as-grown and

laser annealed samples were studied by different characterization techniques.
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6.3.1. Morphology and Optical properties of Au NPs: The structural and optical properties of
pristine and laser annealed Au NPs as a function of number of laser pulses were studied by FESEM
and UV-Vis absorption measurements respectively to observe the impact of LA. The structure,
morphology and size of Au NPs on the surface of HfO> thin films were studied by performing
FESEM measurements. The FESEM images of as-grown and laser annealed Au NPs are shown in
Fig. 6.10 (a-f).
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Fig. 6.10: FESEM images of Au NPs on top of HfO> thin films as a function of number of laser
pulses (a) Pristine, (b) 100 pulses, (¢) 200 pulses, (d) 300 pulses, (¢) 400 pulses and (f) 500 pulses.
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During the LA process the energy of the laser pulse was maintained as 300 m J cm™ for all the
samples and the number of laser pulses varied from 100 to 500. The FESEM images confirm the
formation of spherical Au NPs due to LA on the surface of HfO,. As expected, the as-deposited
sample consists of an incomplete Au layer with the formation of islands. These islands of the Au
layer are not uniform in size and randomly oriented. It is well known that an array of Au NPs are
created when such an incomplete layer is exposed to heat treatment [31, 34]. On the other hand,
heat treatments are known to crystallize the tunneling oxide layer HfO> which results in an increase
in the leakage current density due to tunneling and can deteriorate the device properties [36-38].
Here the main objective is to realize a high-density array of Au NPs by LA without affecting the
phase of the underneath high-k dielectric oxide layer HfO>. From FESEM images it is clearly
observed that the density of spherical Au NPs increases with increase in the number of laser pulses.
Furthermore, the Au NPs attain uniform spherical shape. A high-density array of spherically
shaped uniform Au NPs has been produced on the surfaces of HfO2 thin films when an incomplete
Au layer has been subjected to LA. The laser annealed samples show that the average size of the
Au NPs reduces with increase in the number of laser pulses and an array of high density spherical
Au NPs has been produced by LA at 500 laser pulses.

The size distribution of as-grown and laser annealed Au NPs on the surfaces of HfO; thin films
has been studied in detail by estimating the average diameter, standard deviation in size
distribution and surface density of Au NPs using ImageJ software. Here the Au NPs in spherical
shape are only considered for estimating the average size. The data obtained from ImageJ software
is plotted as a histogram and the mean diameter of as-grown and laser annealed Au NPs has been
estimated by Gaussian fittings. The statistical analysis of the size of as-grown and laser annealed
spherical Au NPs as a function of number of laser pulses is tabulated in Table 6.3 and the
histograms with Gaussian fitting are presented in Fig. 6.11. The estimated mean diameter of
spherical Au NPs in an as-grown incomplete Au layer is around 21.9 nm and the surface density
of Au NPs is around 3.75 x 10'° NPs.cm2. When this as-grown Au layer is subjected to LA at 100
laser pulses, the mean diameter of spherical Au NPs increases to around 23.7 nm and the surface
density of Au NPs also increases to around 3.93 x 10'° NPs.cm™. At 200 laser pulses, the mean
diameter of spherical Au NPs decreases to around 19.6 nm and the surface density of Au NPs

further increases to around 6.12 x 10'° NPs.cm™.
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Fig. 6. 11: Size distribution of spherical Au NPs on the surface of HfO; thin films as a function
of number of laser pulses

(a) Pristine, (b) 100 pulses, (c) 200 pulses, (d) 300 pulses, (e) 400 pulses, and (f) 500 pulses.

With further increase in the number of laser pulses to 300, the mean diameter of spherical Au NPs
further decreases to around 18.5 nm and the surface density of Au NPs further increases to around
9.00 x 10% NPs.cm™. Upon increasing the number of laser pulses to 400, the mean diameter of

spherical Au NPs further decreases to around 17.2 nm and the surface density of Au NPs further
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increases to around 1.23 x 10* NPs.cm. At the highest number of laser pulses of 500, the mean
diameter of spherical Au NPs further decreases to around 13.7 nm and the surface density of Au
NPs further increases to around 1.64 x 10! NPs.cm™. This decrease in the size and standard
deviation in size distribution of Au NPs indicates the increase in the uniformity of Au NPs. The
surface density of spherical Au NPs increases from 3.75 x 10'° NPs.cm™ to 1.64 x 10* NPs.cm™
due to LA with increase in the number of laser pulses to 500. Therefore, an array of high density
Au NPs with good uniformity in shape has been synthesized on the surface of HfO> thin films
using the LA method.

Number of laser Avg. diameter of Standard deviation in Surface density of
pulses Au NPs (nm) the size distribution of Au NPs (no. of

Au NPs (nm) NPs.cm)

0 21.9 8.8 3.75 x 10%

100 23.7 10.1 3.93 x 10%

200 19.6 7.2 6.12 x 10%

300 18.5 6.6 9.00 x 10%°

400 17.2 6.3 1.23 x 101!

500 13.7 4.6 1.64 x 101!

Table 6.3: Statistical analysis of size of Au NPs as a function of number of laser pulses.

The optical properties of Au NPs on the surface of HfO2 have been studied by performing UV-Vis
absorption measurements. Absorption spectra of as-grown and laser annealed Au NPs are shown
in Fig. 6.12. From the UV-Vis absorption measurements, it is observed that with increase in the
number of laser pulses, the wavelength for maximum absorbance (Amax) Shifts towards shorter
wavelengths. In addition to the shift in the position of Amax, Narrowing of the absorption spectra
has also been observed. This can be explained as follows: the smaller sized spherical Au NPs
predominantly absorb light and show the Amax at ~ 520 nm, whereas spherical Au NPs of larger
diameter exhibit increase in scattering and show Amax Shift towards longer wavelengths (red-shift)
with peak broadening. As the average size of spherical Au NPs decreases, the Amax decreases which

is in good agreement with the previous reports that the wavelength with maximum absorbance
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shifts towards the longer wavelengths (red-shift) as the average size of Au NPs becomes larger
[42,43]. This further confirms that the average size of the Au NPs decreases due to LA as a function
of the number of laser pulses and an array of high density Au NPs with good uniformity in shape
have been synthesized at 500 laser pulses.
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Fig. 6.12: UV-visible Absorbance spectra of Au NPs as a function of the number of laser pulses.

6.3.2. Crystal structure of Au/HfO2 bi-layers: GIXRD measurements were performed on
pristine and laser annealed Au/HfO> bi-layers to study the effects of LA on the crystalline structure
of the films. GIXRD patterns of as-grown and laser annealed Au NPs on the surface of HfO; thin
films are shown in Fig. 6.13. The GIXRD pattern consists of the peaks corresponding to the
crystalline phases of Au and do not show the evolution of any crystalline phases in HfO> thin films

before and after LA up to 500 number of laser pulses.
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Fig. 6.13: GIXRD patterns of pristine and laser annealed Au/HfO: bi-layers
(a) Pristine, (b) 100 pulses, (c) 200 pulses, (d) 300 pulses, (e) 400 pulses and (f) 500 pulses.

From GIXRD measurements, it has been observed that as deposited Au NPs on the surface of HfO>
thin films exhibit crystalline phases of Au correspond to (111), (200) crystalline planes and no
crystalline peak corresponds to any crystal planes of HfO2, confirming the amorphous nature of
HfO- thin films. As the LA increases up to 300 laser pulses, in addition to the above crystal planes
of Au, evolution of new crystal planes (220) of Au has been observed and HfO> remains in an
amorphous phase. Upon increasing the number of laser pulses to the maximum count of 500, only
crystal planes corresponding to Au have been observed and the spectra still did not show evolution
of any crystalline phases in HfO> thin films. Thus, the phase of HfO: thin films remains in
amorphous nature and un-affected due to LA up to 500 number of laser pulses. Therefore, from
GIXRD measurements, it is confirmed that an array of high density spherical Au NPs have been
synthesized on the surface of HfO, thin films using LA technique without affecting the phase of
HfO,.
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6.3.3. SERS studies of R6G dye on Au NPs: The SERS technique is very sensitive to the surface
which is responsible for enhancement in Raman scattering of molecules on metal NPs such as Au,
Ag and Cu [44, 45]. The enhancement takes place when the confined surface plasmon gets excited
by the incident light and enhances the electromagnetic field of the metal NPs which is responsible
for the enhancement in Raman scattering up to 10° - 107 [44, 45]. This enhancement in Raman

scattering depends on the size, shape, uniformity and homogeneity of metal NPs [23, 24].

L 42

T
w
m
N

o
m
Intensit; (arb. units)

iy
m
N

A N\ P

I T T T T T T T T T 1
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Raman shift (cm'1)

Fig. 6.14: Raman spectra of Rhodamine 6G (R6G) with and without Au NPs as a function of the

number of laser pulses.

For the past few years, SERS method used for molecular detection and in other applications has
been investigated because it offers easy sample preparation with considerable enhancement in
Raman scattering. It is a non-destructive technique, more sensitivity and less detection limit [46-
52]. In recent years, metal NPs of Ag and Au have been extensively used in SERS studies owing
to their exclusive physical properties which depend on the shape, density and size of the metal NPs
[53, 54]. In current studies, Au NPs have attracted interest due to its biocompatibility. Au NPs
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have been used in the application of Bio-technological systems because they exhibit an excitation

near to the IR region [55].

SERS measurements of R6G dye (drop-casted solution of 20 pl R6G of 10 nM concentration) were
performed on top of as-grown and laser annealed Au NPs. The SERS spectra of R6G dye without
Au NPs (R6G/HFO>/Si) and with Au NPs (R6G/Au-NPs/HfO,/Si) as a function of number of laser
pulses are shown in Fig. 6.14. From SERS measurements, considerable enhancement in the Raman
scattering of R6G molecules has been observed in presence of high density spherical Au NPs. A
systematic increase in the intensities of SERS peaks corresponding to R6G dye has been observed
as the number of laser pulses increases which is attributed to the increase in the density of Au NPs
on the surface. These Au NPs act as hot-spots which are responsible for enhancement in SERS, as
a function of the number of laser pulses. For signifying the role of SERS substrates for molecular
detection, Raman Enhancement Factor (EF) has been calculated from the Raman scattering spectra

using the following Eq. 6.1 [56].

ISERSNRS

Raman Enhancement Factor (EF) = (6.1)

IRSNSERS

Where Isers and Irs are the maximum intensities corresponding to Raman scattering of R6G
molecules which are adsorbed on the surface of SERS substrates (R6G/Au-NPs/HfO2/Si) and non-
SERS substrates (R6G/HfO2/Si) respectively. Here R6G dye on the surface of HfO2 i.e. without
Au NPs is considered as non-SERS substrates (R6G/HfO./Si). Nsers and Nrs are the number of
R6G molecules on Au NPs (SERS substrates) and HfO> (non-SERS substrates) with the values,
10 nM and 10 mM respectively. The value of Raman Enhancement Factor (EF) as 2.6 x 107 has
been estimated for the as-grown SERS substrate corresponding to the Raman scattering peak at ~
1364 cm™. The estimated EF with respect to surface density of laser annealed Au NPs as a function
of the number of laser pulses is shown in Fig. 6.15. An order of magnitude increase in the estimated
EF has been observed as the surface density of Au NPs increases as a function of the number of
laser pulses. For the SERS substrate, which is laser annealed at 100 laser pulses, the value of EF
is found as 2.7 x 10" and 2.8 x 10 for the samples annealed at 100 and 200 laser pulses respectively.
Further increasing the number of laser pulses to 300 and 400, the EF increases to 3.1 x 107 and 3.4
x 107 respectively. For the highest number of laser pulses 500, further increase in EF of 4.3 x 107

has been observed.
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Fig. 6.15: Enhancement Factor and surface density of Au NPs as a function of number of laser

pulses.

This enhancement in Raman scattering not only confirms the formation of an array of high density
spherical Au NPs but also presents itself as a substitute non-thermal technique to synthesize SERS
substrates. Hence, a non-thermal technique like LA is considered to be useful in preparation of
SERS substrates with considerable enhancement in Raman scattering for molecular detection.
Hereafter, the samples containing an array of high density Au NPs with good uniformity which
are annealed with 500 laser pulses (referred to as “with Au NPs”) are used for further application

such as Au NPs embedded HfO2 based MOS capacitors.

6.3.4. Electrical characteristics of MOS capacitors: An array of high density spherical Au NPs
produced on the surface of HfO thin films using LA of 500 laser pulses is used to fabricate MOS
capacitors to study the electrical characteristics (referred to as “with Au NPs”). For comparing the
role of an array of high density Au NPs embedded in HfO> matrix in device electrical performance,
a MOS capacitor without Au NPs in the HfO- layer of similar thickness (~ 30 nm) is also fabricated

(referred to as “without Au NPs”) under the same deposition conditions.
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Fig. 6.16(a): 1-V characteristics of HfO, based MOS structures with and without Au NPs.
(b): Leakage current characterized by PF and FN tunneling mechanisms (solid lines indicate PF

tunneling and dashed line indicates FN tunneling).

The leakage current conduction mechanisms of these MOS capacitors through the gate oxide HfO-
in the presence and absence of embedded Au NPs were studied by performing I-V measurements
(-5Vto5V)showninFig. 6.16(a). As expected, the leakage current density is high in both forward
and reverse bias applied voltages for the MOS capacitors with embedded Au NPs in HfO-
dielectric media when compared to that of MOS capacitors with pure HfO; layer i.e. without

embedded Au NPs. When voltage is applied through the gate, the electrons that tunnel through the
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HfO> dielectric layer are responsible for this increase in the leakage current density. This leakage
current density as a function of applied voltage can be elucidated by examining the I-V curves
with several well-established theoretical conduction mechanisms such as Direct Tunneling (DT),
Poole-Frenkel (PF) tunneling and Fowler-Nordheim (FN) tunneling [57-59]. The leakage current
due to DT is responsible when the electrons directly tunnel through the dielectric layer and is
relevant to the gate oxides with thickness of less than 4 nm [60]. Hence, in the present study the
leakage current due to DT is not expected to be significant as the gate oxide HfO» thickness is ~
30 nm for both the devices. The data obtained by performing I-V measurements are used to fit
with theoretical PF and FN tunneling models as shown in Fig. 6.16(b). In the Fig. 6.16(b) solid
lines indicate PF tunneling and dashed line indicate FN tunneling mechanisms. The experimental
I-V characteristics of both the devices have been examined using the theoretical tunneling models
to evaluate the contribution from various processes to the leakage current due to tunneling as a
function of applied voltage. For fitting the experimental I-V data with theoretical PF and FN

tunneling models, the following equations 6.2 and 6.3 have been used respectively [58, 61].

@ —[F,,
Jop = EFycexp [— %} (62)

3
3 4. 2msd2 1
Jon = b FZ exp exp |— 2 v b (6.3)
16m2he, 3 hq E,
In these equations, Fox is the electric field through the dielectric layer HfO2 and & (value in between
1 and 2 which is constant) is the factor obtained by acceptor compensation. Other well-known
constants are like Boltzmann’s constant (K), Charge of electron (q), Temperature (T) and reduced

Planck constant (h). Here, @y is the barrier height among the conduction bands at HfO,/Si interface

and mox is the effective mass of electrons in the dielectric layer HfO».

From the examination of I-V characteristics using theoretical PF and FN tunneling models, it is
found that, for the MOS capacitors with pure HfO> i.e. without embedded Au NPs in the HfO;
dielectric layer, the leakage current due to PF tunneling is prominent at lower applied voltages i.e.
from 0 V to 1.9 V. Upon increasing the applied voltage further i.e. greater than 2 V, the leakage
current due to FN tunneling dominates from 2.0 V to 2.95 V. An exponential increase in the

leakage current density as a function of applied voltage (2.0 V - 2.95 V) due to FN tunneling has
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been observed. The leakage current due to FN tunneling takes place, when the applied voltage is
effectively high, the barrier of dielectric oxide becomes triangular in shape and at the edge of the
triangle the barrier becomes thinner than the original barrier. At this high applied voltage, the
electrons can tunnel easily through this thinner triangular barrier and leakage current increases
exponentially. Thus, for the MOS capacitors without embedded Au NPs in the HfO, dielectric
layer, the leakage current due to PF tunneling is prominent at lower applied voltages (< 2 V) and
the leakage current due to FN tunneling dominates for higher voltages (2.0 V - 2.95 V). The I-V
characteristics and leakage current conduction due to various tunneling mechanisms in HfO> based
MOS devices are consistent with our previous studies [35]. For the MOS capacitors with embedded
Au NPs in the HfO: dielectric media, the leakage current due to PF tunneling alone has been
observed when the applied voltage varied from 0 V to 5 V. The leakage current in dielectric oxides
due to PF tunneling is mainly attributed to the presence of defects in the dielectric layers. These
defects in the dielectric layers act as charge trapping centers and confine the charges. In MOS
capacitors with embedded Au NPs in the HfO> dielectric media, the leakage current due to PF
tunneling may be attributed to the charge trapping favored by the embedded Au NPs within the
dielectric oxide HfO2. Therefore, the array of high density isolated Au NPs produced by LA acts
as charge trapping centers in the gate dielectric oxide HfO,. These charge trapping centers are
capable of limiting the channel current flow by capture or emission of electrons. Here, when the
forward bias voltage is applied through the electrodes, the electrons which are tunneling through
the gate dielectric oxide HfO>, are trapped by the Au NPs within the gate dielectric oxide HfO.
Thus, the leakage current density is more for the MOS capacitors with embedded Au NPs when
compared to that of MOS capacitors without embedded Au NPs. This phenomenon of leakage
current due to tunneling as a function of applied voltage is governed by the PF tunneling

mechanism.
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—a— without Au NPs
—o— with Au NPs
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Fig. 6.17: C-V characteristics of HfO> based MOS capacitors with and without Au NPs.

High frequency (1 MHz) C-V measurements were performed on MOS capacitors with embedded
Au NPs in HfO; dielectric media and MOS capacitors with pure HfO> layer i.e. without embedded
Au NPs shown in Figure 6.17. The C-V hysteresis measurements were used to study the memory
performance of both the MOS capacitors i.e. with and without embedded Au NPs. For MOS
capacitors with embedded Au NPs in HfO> dielectric media, an increase in the accumulation
capacitance and broadening in the C-V hysteresis loop has been observed when compared to that
of MOS capacitors with pure HfO> layer i.e. without embedded Au NPs. As discussed above, the
array of high density isolated Au NPs produced by LA acts as charge trapping centers in the gate
dielectric oxide HfO,. These isolated Au NPs store the charge. Hence, the storage capacity has
been increased by introducing an array of high density isolated Au NPs in HfO> dielectric media.
This phenomenon can be explained as follows: when a negative bias voltage is applied, the holes
which tunnel from the substrate are trapped by the array of Au NPs, whereas for a voltage applied

in forward bias, the electrons tunneling from the substrate are stored in the array of Au NPs. The
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C-V curve of the MOS capacitor without embedded Au NPs in HfO dielectric exhibits a narrower
hysteresis loop, which indicates that the as-deposited HfO2 layer consists of low density of
defects/charge trapping centers within the film. The C-V hysteresis loop of the MOS capacitor
with embedded Au NPs in HfO> dielectric shows a large memory window, which indicates the
improved storage capacity of the MOS capacitor due to embedded Au NPs when compared to that
of MOS capacitor without embedded Au NPs within the HfO> dielectric oxide layer. Thus, the
storage capacity of the device has been improved due to the introduction of high density spherical
Au NPs in-between the oxide layers. Hence, the electrical characteristics suggest that an array of
high density spherical Au NPs created in the HfO> gate dielectric media using non-thermal LA
technique may be safely used in the microelectronic compatible floating gate memory device

applications.

6.4. Conclusions

In this chapter, the effects of LA on the structural and electrical properties of HfO2, Au/HfO> bi-
layer thin films have been studied. As-grown HfO> thin films are in amorphous phase and the
crystal structure of HfO> thin films remain the same (predominantly amorphous in nature) before
and after laser annealing though there are observable changes in their morphology. The main result
of this chapter is the use of a non-thermal LA technique in synthesizing an array of high density
Au NPs on the surface of HfO thin films without altering the phase of the underlying oxide layer
(HfO>). These high density Au NPs, which are embedded in HfO dielectric media, can be used as
charge trapping centers in HfO2/Au-NPs/HfO/Si based floating gate type MOS capacitors. An
array of high density Au NPs has been produced on the surface of HfO- thin films by subjecting
the incomplete Au layer to LA as a function of the number of laser pulses. From FESEM images,
it is clearly observed that the density of spherical Au NPs increases with increase in the number of
laser pulses. The laser annealed samples show that the average size of the Au NPs reduces with
increase in the number of laser pulses and an array of high density spherical Au NPs has been
produced on the surface of HfO> thin films by LA at 500 number of laser pulses. The average size
of spherical Au NPs in as-deposited sample is 21.9 nm, which decreases to 13.7 nm at 500 laser
pulses. While the surface density of spherical Au NPs increases from 3.75 x 10'° NPs.cm™ to 1.64
x 10 NPs.cm™ with increase in the number of laser pulses to 500. From the UV-Vis absorption

measurements, it is observed that with increase in the number of laser pulses, Amax Shifts in the
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direction of shorter wavelengths accompanied by narrowing of the absorption spectra. This further
confirms that the average size of the Au NPs decrease with increase in number of laser pulses.
Thus, an array of high density Au NPs with good uniformity in shape has been synthesized at 500
laser pulses. The GIXRD spectra consists of the peaks corresponding to the crystalline phases of
Au and did not show the evolution of any crystalline phases in HfO; thin films before and after
LA. Therefore, an array of high density spherical Au NPs has been produced on the surface of
HfO2 thin films using LA technique without affecting the phase of HfO.. From SERS
measurements, considerable enhancement in the Raman scattering of R6G molecules has been
observed in presence of high density spherical Au NPs. The improvement in EF (~107) has been
observed due to laser annealed Au NPs. Therefore, a non-thermal technique like LA can be
considered useful in preparation of SERS substrates with considerable enhancement in Raman
scattering for molecular detection. The leakage current conduction mechanisms of these MOS
capacitors through the gate oxide HfO: in the presence and absence of embedded Au NPs were
studied using PF and FN tunneling mechanisms by examining the 1-V characteristics. For the MOS
capacitors without embedded Au NPs in the HfO> dielectric layer, the leakage current due to PF
tunneling is prominent at lower applied voltages and the leakage current due to FN tunneling
dominates for higher applied voltages. Whereas for the MOS capacitors with embedded Au NPs
in the HfO> dielectric media, the leakage current due to PF tunneling alone has been observed
which is attributed to the charge trapping by the embedded Au NPs. The C-V hysteresis loop of
the MOS capacitor with embedded Au NPs in HfO: dielectric shows a large memory window,
which indicates the improved storage capacity of the MOS capacitor due to embedded Au NPs
when compared to that of MOS capacitor without embedded Au NPs within the HfO> dielectric
oxide layer. These SERS studies and electrical characteristics suggest that an array of high density
spherical Au NPs may be created in the HfO, gate dielectric media using non-thermal LA
technique, which is useful in preparation of SERS substrates for molecular detection and in

fabricating microelectronic compatible floating gate memory devices.
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Conclusions and Scope of future work

This chapter encapsulates the total work done in this thesis and provides the scope and outlook
for the possible future investigations in this field.
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7.1. Conclusions

In this thesis, the effects of electronic excitation induced by Gamma irradiation, Swift Heavy lon
(SHI) irradiation and Laser annealing on the structural and electrical properties of HfO, thin films
have been studied. Further, an array of high density gold nanoparticles have been produced on the
surface of HfO, thin films, without modifying the phase of HfO> using a non-thermal laser

annealing technique.

Initially, the role of deposition time on HfO thin-films synthesized on Semi-Insulating GaAs
substrates using RF magnetron sputtering deposition technique were studied to synthesize
reproducible HfO> thin films with good quality. It is observed that the film thickness and
uniformity of the film increases with increasing deposition time. All the HfO thin films grown at
room temperature by varying deposition time are found to be amorphous in nature. Further, HfO>
thin-films of optimized thickness were subjected to thermal annealing, gamma irradiation SHI
irradiation. As expected, Introduction of crystalline phase of monoclinic HfO2 has been observed
when pristine amorphous films were subjected to thermal annealing which resulted in a significant
increase in the tunneling current of the HfO, based MOS structures. An orderly increase in
tunneling current indicates the production of defects in HfO> thin films with increasing gamma
irradiation dose. It is observed that the pristine HfO> thin film deposited on GaAs substrates
consists of a smooth surface with uniform grains of average size around 9 nm. SHI irradiation
resulted in a systematic growth in the grain size from 9 nm to 24 nm which may be attributed to
possible agglomeration of grains. As-grown HfO: thin films are amorphous in nature. lon
irradiation has introduced monoclinic and tetragonal phases in otherwise amorphous thin films of
HfO,. The estimated track radius is found to be around 5-7 nm using thermal spike calculations
from our previous studies. The leakage current conduction through the gate oxide has been studied
using the Poole-Frenkel and Fowler-Nordheim tunneling mechanisms by examining the leakage
current—voltage characteristics. The tunneling examinations shown the pre-existence of several
type of defects in the as-deposited samples. The effect of PF tunneling was found to be decreasing
up to the critical fluence (5 x 102 jons/cm?) which confirms the decrease in the density of
defects/traps due to ion induced defect annealing. However, above the critical fluence, PF
tunneling mechanism dominates which is attributed to increase of traps/defects which results in a

rise in the tunneling current.
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Furthermore, HfO2 (30 nm)/GaOx (150 nm) bi-layered thin films were synthesized on Si. It is
observed that as-grown films contain highly strained non-uniform large grains with average grain
size of 34.5 nm. SHI irradiation resulted in a systematic decrease in the average size of grains from
34.5 nm to 13.8 nm and development of new grains which may be attributed to SHI induced grain

fragmentation.

Thus, SHI irradiation induced grain agglomeration has been observed when thin films with smaller
grains (< 10 nm) were subjected to SHI irradiation which resulted in an increase in the average
grain size. Whereas, SHI irradiation induced grain fragmentation has been observed when thin
films with larger grains (> 30 nm) were subjected to SHI irradiation which resulted in decrease in
the average grain size. lon induced defect annealing has been observed below the critical fluence
(5x10'? ions/cm?) which resulted in decrease of the tunneling current. However, ion induced defect
formation and radiation damage have been observed above the critical fluence, which resulted in

an orderly increase in the tunneling current.

An array of high density gold nanoparticles has been produced on the surface of HfO, thin films
without modifying the phase of HfO2 by subjecting the Au/HfO- bi-layers to laser annealing. It is
observed that Au nanoparticles attain uniform spherical shape and the average size of the Au
nanoparticles decreases with increasing laser pulses. These Au nanoparticles produced using laser
annealing show considerable enhancement (~107) in Raman scattering and improved storage
capacity of the MOS capacitors. These studies suggest that an array of high density spherical Au
nanoparticles may be created in the HfO> gate dielectric media using non-thermal laser annealing
technique, which is useful in preparation of SERS substrates for molecular detection and in

fabricating microelectronic compatible floating gate memory devices.

The influence of the electronic excitations induced by SHI, gamma and laser irradiation on the
structural, optical and electrical properties of HfO> thin-films deposited on various technologically
important semiconductor substrates has been studied in this thesis. The study indicates that these
electronic excitations can anneal the defects below a critical fluence. Particularly, the energy
released during the electron-hole recombination process can promote the migration of defects over
the barriers within the solid [1-3]. However, at higher fluences the excessive production of defects
can dominate this annealing phenomenon. This effect is observed in the present study in case of

SHI irradiation and laser annealing/irradiation. However the lowest dose of gamma chosen in this
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study seems to be high to observe such an effect. Our studies have clearly indicated that these
methods can be used to improve the device performance by annealing the defects in the oxide
layers with spatial selectivity and without affecting the phase of the oxide. Further, SHI irradiation
has introduced crystalline phases in otherwise amorphous oxides above a critical fluence. Such
phenomenon is not observed in case of gamma and laser annealing may be due to the longer

relaxation times involved in these processes.

The electronic excitation induced by SHI irradiation results in grain agglomeration or grain
fragmentation in HfO thin films depending on the initial size of grains. SHI irradiation has
introduced monoclinic and tetragonal phases in otherwise amorphous thin films of HfO,. Whereas,
the phase of HfO. thin films remains same predominantly amorphous in nature, when these films
are exposed to gamma irradiation and laser annealing. SHI induced defect annealing has been
observed below the critical fluence (5x10'? ions/cm?), and SHI induced defect formation and
radiation damage have been observed above the critical fluence due to track overlap. Whereas,
electronic excitation induced by gamma irradiation (2 KGy — 64 KGy) resulted only production of
defects in HfO thin films without any significant structural modifications. It is expected that
gamma irradiation induced defect annealing may be possible for lower doses. The electronic
excitation induced by laser annealing (100 — 2000 laser pulses) resulted only annealing of defects
in HfO> thin films and formation of an array of high density spherical Au nanoparticles in Au/HfO>
bi-layer films without modifying the phase of HfOx. In this study, a nanosecond laser (repetition
rate ~ 10 Hz) was used to perform laser annealing experiments. The influence of the electronic
excitation predominantly depends on the various coupling channels and the relaxation time. In the
process of SHI irradiation, when an ion passes through the target material, it deposits a very huge
amount of energy in short intervals leading to the well-known thermal spike in various materials.
The relaxation time is in the order of 101° s, whereas the relaxation time is quite longer in case of
the nanosecond laser irradiation performed in this study. Hence, the electronic excitation induced
non-equilibrium phase transformations are not observed. The electronic excitation induced by laser
annealing/irradiation may result in crystallization and defect formation in HfO> thin films by

employing picosecond/femtosecond lasers.

This study will provide useful information for understanding the effects of electronic excitation on
the structural modifications and subsequent effects on the electrical characteristics of HfO> thin
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films deposited on high mobility and/or wide bandgap semiconductors for fabricating tunable and
radiation harsh electronic devices as HfO, based MOS structures are expected to be used in many
devices in space and medical applications such as radiological treatment equipment and physics
experiments associated with high energy such as nuclear power plants.

7.2. Future Scope

In this study, SHI induced phase transformations of HfO thin-films such as introduction of
monoclinic and tetragonal phases (mixed phase) in otherwise amorphous films have been
observed. In-situ XRD studies would provide better understanding of SHI induced crystallization
of HfO> thin-films. We have studied the effects of laser annealing (using KrF excimer laser of
wavelength 248 nm) on the structural changes and subsequent effects on the electrical
characteristics of HfO. thin films. This study can be extended by employing various lasers
(picosecond, femtosecond etc.) for better understanding of laser annealing/irradiation induced
effects on HfO, thin films. We have fabricated gold nanoparticles on the surface of HfO; thin films
without modifying the phase of HfO, for SERS substrate and floating gate type memory device
applications. Further, multilayers of Au and HfO2 (HfO2/Au/HfO2, HfO2/Au/HfO2/Au/HfO2 and
HfO2/Au/HfO2/Au/HfO2/AUu/HFO,) and other metals (Ag and Pt) may be subjected to laser
annealing to produce embedded metal nanoparticles in HfO dielectric media to improve the

storage capacity of HfO2 based MOS capacitors.
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