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Synopsis

Low-energy ion beam sputtering (IBS) is a very important technique to modify surface and
interface of a material and to develop periodic patterns on a large area solid surface at nanoscale
level. Such types of periodic structures are very useful in the field of thin film growth,
plasmonics, nanoscale magnetism, and catalyst [1-3]. The first periodic nanopattern formation
was observed by Navez et al. [4] in 1962 on the glass surface by 4 keV air ion bombardment.
Since that time, the ion beam induced pattern formation was studied extensively by both
experimentally and theoretically for the basic understanding as well as potential applications.
However, the detailed physical mechanism of pattern formation by ion beam sputtering (IBS)
was not clear that time. Bradley and Harper [5] in 1988 proposed a successful model for
explaining the periodic pattern formation based on Sigmund’s sputtering theory [6]. However,
the BH theory had some shortcomings to explain several experimental observations like the non-
zero critical angle for ripple pattern formation, a saturation of ripple amplitude [7]. Later on, the
effect of mass redistribution [8, 9], ion implantation [10], and the presence of external impurities
was considered. Although a lot of works have been carried out, the complete understanding of
ion-solid interaction and pattern formation are still needed. In this thesis, we have investigated
surface nanopatterning and plasmon active buried layer formation on Si like important
semiconducting surface for the application in solar devices, and the critical role of chemically
reactive impurities in the projectile beam on the pattern formation. Also, the periodic pattern
formation on mica like multi-elemental substrate and its detailed chemical modifications by ion

bombardment are studied here.

The present thesis is devoted to the experimental study of surface and interface

modifications of Si as well as muscovite mica in terms of periodic pattern formation by low

Xi



energy (3-12 keV) ion bombardment. The clean Si (100) and cleaved muscovite mica of size
1cmx1cm have been used for the irradiation. The irradiation was performed by 2.4 GHz ECR ion
source of the Radioactive lon Beam Laboratory at Variable Energy Cyclotron Centre, Kolkata
with vacuum pressure maintained at ~ 10" mbar. The surface morphologies of irradiated samples
have been characterized by an Atomic Force Microscope (AFM). Also, the cross-sectional
Transmission Electron Microscopy (TEM) is used to get the information below the surface. X-
ray Photoelectron Spectroscopy (XPS) characterizes the detailed surface chemical composition
and chemical change during the ion bombardment. Besides these, the X-ray Diffraction (XRD)
for structural study, UV-Visible Spectrometer for optical study, and contact angle measurement
for wettability study are used in this thesis. In parallel to the experimental study, we have carried
out theoretical estimation based on the simulation package Stopping and Range of lons in
Matter (SRIM) [11]. In-depth statistical analysis of the growth of patterns with time is estimated
using WSxM freeware [12].

In our studies, we have synthesized the nanostructure on Si surface and formed
plasmon active thin buried layer for the potential application in higher efficient solar devices. We
have bombarded 10 keV Ni** ion on Si (100) surface with fluence 1x10' ions/cm? at normal
incidence to achieve simultaneous amorphization, surface pattern and buried layer formation.
The rim-surrounded crater like periodic nanostructure on Si has been observed by AFM study,
whereas the amorphization and implanted buried layer just below the surface are detected by a
cross-sectional Transmission Electron Microscope. Due to the plasmon active buried nickel
silicide (Ni,Si) layer formation, the surface shows an increase of optical absorption in the visible

spectrum. The Ni,Si layer acts as a good anti-reflecting electrode as well as an intermediary
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between solar light and semiconductor for plasmon induced resonance energy transfer and direct
electron transfer from plasmon to Si surface.

We have also studied the growth of ripple pattern and tunable hydrophobicity of Si
surface due to 5-12 keV N* ion bombardment at an oblique angle incidence. Nitrogen being
reactive, it reacts with Si surface during bombardment and forms silicon nitride (SizN)
compound. The variation of the vertical and horizontal dimension of the ripple pattern with ion
energy has been studied in detail. We have found an interesting fact that the experimentally
observed ripple wavelength and surface rms roughness are directly proportional to the
theoretically calculated lateral straggling and penetration depth of the ion, respectively. We have
carried out the optical measurement of N bombarded Si surfaces, which shows the enhancement
of optical absorption in the visible range compared to the pristine Si surface. The tuning of
hydrophobicity in terms of ion beam parameters is discussed for N bombarded Si surfaces. We
have found that the hydrophilic Si surfaces become hydrophobic due to ion-induced physical and

chemical modifications.

Another important study has been carried out in this thesis is the physicochemical
modification of muscovite mica [KAI,(SisAl)O10(OH):] like multi-elemental layered substrate
by two types (Ar" & N*) of ion bombardment. The naturally available mica can easily be cleaved
to get an atomically flat crystalline surface, and it is very useful in many fields of atomic and
molecular scale studies, such as atomic force microscopy calibration, supported lipid bilayers
formation, DNA research, etc. [13-15]. We have observed well periodic ripple pattern formation
on the mica surface by 12 keV Ar" and N* bombardment at an oblique ion incidence with
different ion fluences. We have discussed the growth of ripple pattern in terms of continuum

models as well as dynamic scaling theory. Mica being a layered substrate, the ion bombardment
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leads to the depletion of upper K atoms, and the underlayer aluminosilicate is modified
significantly. The negative aluminosilicate layer becomes active after ion bombardment and
chemisorbs hydrocarbon from the ambient environment. The detailed modifications of the
aluminosilicate layer are discussed by XPS studies. Due to the chemical and physical change of
mica, the super-hydrophilic mica surface becomes hydrophobic after ion bombardment.

The most important finding in this thesis is the role of impurity in the low energy Ar" ion
beam on Si pattern formation. The pattern formation by unintentional contaminations [16-19]
and externally incorporated impurities during ion bombardment [20-23] has already been
observed on Si surface, but the effect of impurity in the ion beam itself has not been considered
before. We have explored this for the first time. We have investigated the pattern formation on Si
by the mass analyzed pure and unanalyzed impure 3- 10 keV Ar* ion bombardment and exposed
the role of beam impurities on Si ripple pattern formation. It has been observed that the pure
mass analyzed Ar* beam cannot form pattern as reported earlier, but the mass unanalyzed Ar*
ion beam, which is a mixture of Ar and other common reactive impurities (C, O and N) can
easily form well defined periodic ripple pattern at oblique incidence. Our results will give a boost
to study the beam purity and surface chemistry of the patterns, formed by the mass unanalyzed
ion beam. It will also stimulate to expand the theoretical understanding by incorporating the

effect of common impurities in the primary ion beam.

In summary, our experimentally observed results, presented in this thesis, are very useful
in one hand for the fundamental understanding of pattern formation and ion-solid interaction; on
the other hand, the study on plasmon active buried layer formation on Si and hydrophobicity
study of mica can be used for photovoltaic device and interaction of biological substrates with

the mica surface, respectively. The study of beam impurity will stimulate the low energy mass
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unanalyzed ion beam users to investigate the surface chemistry and role of surface chemical

change in the pattern formation in detail.
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Chapter 1

General Introduction

1.1 Introduction

The bombardment of the energetic ion beam on solid surfaces has brought great importance for
several purposes like surface cleaning, ion etching, thin film deposition, etc. The bombarding ion
on a surface leads to the removal of surface material, which is called sputtering. Due to the
sputtering of the target material by the energetic ion beam, the electronic configuration of the
target surface is modified, and different properties like electrical, optical and magnetic property
change precisely. This is a very common tool for surface modification. Another important
consequence of ion bombardment is the formation of well-defined periodic nanopatterns like dot,
rim, ripple, etc. on different semiconducting as well as insulating surfaces. The applications of
ion beam sputtering (IBS) and implantation are not limited to that discussed above, but it has
much other significance in different fields of material science research and industrial applications
also. Interestingly, despite all these achievements in this field, there are many shortcomings,

which need to be found.

The energetic ion sputters the atoms from the surface and penetrates in the solid surface
during bombardment; as a result, it modifies the upper surface as well as the interface of a
material. The main advantages of ion bombardment technique are the control in its concentration
and implantation depth, which cannot be obtained by any other procedure. The use of energetic
ions can introduce the interaction of several ions with a surface without depending on any

thermodynamic factors. The reactive ion bombardment can also change the surface chemistry of



the target material. Thus, ion bombardment can simultaneously modify a surface physically in
terms of forming a periodic pattern as well as chemically in terms of chemical reaction with the
target atoms. Therefore, nanopatterned surface and buried thin layer can be formed on a
semiconducting material by an easy single step process. The application of plasmon active buried
layer will be discussed in this thesis. The nanopattern formation leads to increase in the effective
surface area; as a result, light performs multiple reflections in the surface, which aids to trap the
light in the surface. This property can be used to get an anti-reflective coating (ARC) surface.
The adhesion property of a surface strongly influences the interactions of atoms and molecules
on it. Therefore, the tuning of adhesion property of a surface for “in vitro studies of bio-surface
interactions model surfaces” is very important [24]. The adhesion property is generally measured
in terms of hydrophobicity i.e., water contact angle. The tailoring of hydrophobicity is controlled
by surface texturing, surface chemical modification, and surface engineering. Researchers used
to tune the hydrophobicity by several methods. However, the energetic ion bombardment has
unique advantages for tuning hydrophobicity of a surface due to its precise control on surface

texturing and chemical alteration.

As the energetic ion bombardment can form the well-defined periodic pattern on a solid
surface, the clear understanding of the formation mechanism is important. The first periodic
pattern formation by energetic ion bombardment on the solid surface was observed in 1962 by
Navez et al. [4], and the first theoretical model for understanding the pattern formation
mechanism was proposed by Bradley and Harper [5] in 1988. Later on, the experimental
observation on pattern formation was explained by several advanced continuum models [25-27].
As an alternative approach, the dynamic scaling theory is also used to describe the nature of

growth of the surface morphology as a function of ion fluence. In this approach, different scaling



exponents are calculated from the morphological growth, and these exponents values select the
growth to a particular continuum model or give an idea for developing a new model. The
important parameter on pattern formation is the purity of the ion beam, which can affect the
pattern formation. It was already observed the effects of beam contamination on pattern
formation [16-21, 23, 28, 29]. So the studies on beam purity and surface chemistry during ion

bombardment are very important.
1.2 Applications of ion beam modified surfaces and interfaces

The modifications of surface and interface by low energy ion bombardment have several
potential applications in many fields of material science research. The surface modification with
controlled ion bombardment can be used to form well periodic nanopattern on semiconducting
[30-33] as well as insulating [24, 34, 35] and metallic surfaces [36-38]. The ion beam modified
and patterned semiconducting surfaces can be used as an antireflecting coating (ARC) and
photovoltaic devices because of its increased optical absorption in the visible range [39]. The
energetic ion bombardment can easily change the surface morphology as well as surface
chemistry simultaneously [40-42]. Using this physicochemical change of a surface during ion
bombardment, nanostructure on the surface and a thin buried plasmon active layer just below the
semiconducting surface can be formed by plasmon active metallic ion implantation, which is
useful for the application in photovoltaic purpose. The modified nano-rippled surface is used for
trapping of liquid crystal, thin film deposition, and the growth of quantum dot, wires [43-45] etc.
Also, the rippled substrates, which are formed by ion bombardment, can be used to enable the
optical and magnetic anisotropy by Ag and Fe deposition on the ion-modified surface [46, 47].
Recently, biological study like the “controlled alignment of DNA origami” on ion modified

nanopatterned surfaces is being initiated [48]. The DNA interaction with patterned surface
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increases the biocompatibility of the surface, which can be used for biomedical devices [49]. The
low energy ion bombardment can control the adhesive properties of different solid surfaces by
changing the surface chemical composition [24]. Therefore, the low energy ion-induced surface
and interface modification is a useful tool for tailoring the hydrophobicity. High energy (MeV)
ion-modified surface, which can be formed micron order pattern on the metal surface, is useful

for biocompatible device [50].

1.3 Outline of this thesis

This thesis explores the modification of surface and interfaces in terms of pattern formation and
ion implantation by low energy (~10 keV) ion bombardment on Si and mica surface. We have
chosen semiconducting Si surface due to its potential applications in electronic devices and
insulating multi-elemental naturally available muscovite mica [KAI,(SizAl)O10(OH),] surface
due to its layered and atomically flat surface. Also both the materials are inexpensive compared
to other materials. In this thesis, the presentation of our work has been arranged in seven
chapters. The first chapter i.e., this chapter is mainly about the general introduction of the thesis,
application of pattern formation by the ion beam, and outline of this thesis. Chapter 2 gives the
detailed theoretical background of ion-solid interaction and different developed continuum
models for pattern formation by ion bombardment. Also, the dynamic scaling theory of the
growth of a surface is discussed in this chapter. Chapter 3 demonstrates the experimental and
characterization techniques, which have been used. Chapters 4, 5, and 6 describe the main
research works of the present thesis. In chapter 4, Si surface is patterned, and a plasmon active
buried layer is formed by Ni* ion implantation. We have shown that the nanopatterned surface
and the plasmon active buried layer enhance the absorption of solar light on the Si surface.

Further, the growth of ripple patterns on Si by different energy N* ion bombardment is
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illustrated, and the applications of patterned surfaces for antireflective coating and tuning
hydrophobicity are discussed. Chapter 5 describes the detailed ripple pattern formation on mica
surface by two types of ion bombardment, one is inert Ar* ion and another is chemically active
N* ion. The physicochemical variation of mica by ion bombardment is discussed in detail. Also,
the detailed chemical changes of Ar and N bombarded mica surfaces and chemical compositions
of virgin mica are studied. In chapter 6, the critical role of beam impurity on pattern formation
and beam induced chemical change are discussed. Lastly, in chapter 7, the summary of this thesis
and the scopes of this study for future work in the continuation of the present work for the

development of basic understanding in pattern formation are discussed.



Chapter 2

Theoretical background

When an energetic ion interacts with a solid surface, it loses its energy by transferring
momentum to the atoms in the solid, and it penetrates a certain depth and then stops. The
penetration depth depends on the mass of the projectile ion, target surface, and incident ion
energy. The energy loss mechanism is held by two processes, one is nuclear energy loss and
another is electronic energy loss. The first one dominates at lower energy (keV), whereas the
second one dominates at higher energy (MeV). During this collision, some atoms from the upper
surface of solid are removed, which is called sputtering. Also, the ion bombardment leads to
process diffusion, emits secondary ionized particles, secondary electron, and the secondary
photon. The ions also create defects in the crystal. The schematic of ion-solid interaction is
depicted pictorially in Figure 2.1. The potential energy function for the ion-solid interaction is
necessary, as one can get an idea about the rate of energy loss by ions from potential energy. The
detailed effects of sputtering, mass redistribution, implantation, and impurities with ion energy,

incident angle, and ion-induced pattern formation are discussed in this chapter.

2.1 Fundamentals of ion-solid interaction

2.1.1 Interatomic potential

In the ion-solid interaction, the interatomic potential between the ion and solid needs to know as
the temperature, pressure, scattering probability of ion-atom are directly related to their
interacting potential. Here, the interaction between those atoms is discussed, which is in

equilibrium, but velocities and energies exceed the thermal motion. As a result, the range of



interatomic potential is limited within the equilibrium distance in solids. The interaction distance,
however, will depend on the collision energy. Therefore, some amount of overlapping and
interpenetration of closed-shell will occur, which leads to modify the particle wave function at
the point of impact. So, the idea of interatomic potential at small separation is important for a

clear understanding of the problems related to the ion-solid interaction and radiation damage.

Secondary electron

Secondary ionized
Sputtered atoms  particles

=

/

Primary ion

Secondary photon

Implanted 1ons

Modified
Layer

Figure 2.1: Schematic diagram of ion-solid interaction.

In the present case, as | will discuss mainly on low energy (few keV to 10’s of keV) ion-induced
surface modification throughout the thesis, | consider this energy range, which falls in the regime
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ap < r < ro, where ao, r, and ry are the Bohr radius of Hydrogen atom, separation between the
colliding particles, and the separation between neighboring atoms in the crystal, respectively. In
this regime, the potential energy leads to repulsion between two atoms, and the nuclear charge is
screened by the electrons, which reduce the Coulomb potential. Thus, the interatomic potential

between two atoms of atomic number Z; and Z, is

22 () (2.1)

r

V(r) =

where y(r) is the screening function. It is defined as “the ratio of the actual atomic potential at
some radius r to the Coulomb potential” [51]. For the large value of r, y(r) should tend to O,

whereas for a small value of r, it should tend to 1.
2.1.2 Binary collision

When an energetic ion bombards a solid surface, it undergoes through a collision with the atoms
in the solid. As a result, the incident ion loses its energy by momentum transfer to the atoms in
solid. The energy of the ion is mainly lost by elastic i.e., nuclear interaction with ion and
inelastic i.e., electronic interaction with ion. The incident ion penetrates the solid by gradually
losing its energy and finally stops. It also creates primary recoil atoms in the solid and the
recoiled atoms generate further recoils; thus forms a collision cascade. The collision can be
treated as two body or binary collision where the mean free path of collision is much greater than

the interatomic spacing. The detailed two-body collision is discussed in this reference [51].

2.1.3 Stopping of ions

(a) Energy loss of ions



During the collision of incident energetic ions with atoms and electrons in the solid, the incident
ions lose energy at a rate dE/dx depending on the energy, mass, and the atomic number of ion
and the substrate atom. Now, this energy loss is mainly dominated by “(i) nuclear loss in which
the moving ion is transmitted as a translatory motion to the atom as a whole and (ii) electronic
loss in which the moving particle excites the atomic electrons” [51]. Thus, the total rate of

energy loss can be expressed as

(@)re = @), (@), @2)

The energy loss in the region of our interest is basically nuclear loss mechanism. The energy loss

with ion energy, calculated by SRIM freeware [11], is shown for N* ion on Si surface in Fig. 2.2.

— E| ectronic
— Nuclear
— Total

Energy loss (keV/nm)
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lon energy (MeV)
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Figure 2.2: Energy loss with ion energy for N ion irradiation on a Si surface

It is found that the energy loss is dominated by the nuclear loss at ion energy range from eV to a

few keV, and after that, the energy loss is dominated by the electronic loss. At higher energy, the



velocity of the ion is comparable to the Bohr’s electron orbital velocity. As a result, the higher

energetic ion interacts more with the electrons, and electronic energy loss dominates.
(b) lon Range

As discussed above, the implanted ions lose energy by collision with the target atoms. After the
consecutive collisions, when the incident ion loses all the energy, it stops. The distance upto

which the ion penetrates from the upper surface is called range (R) of the ion. It is determined as

R=[°—_dE (2.3)

Eo dE/dx

where E, is the incident energy of ion, and the sign of dE/dx is negative as it decreases with the
penetration distance. When the ion penetrates the target material, it follows the random trajectory

as shown in Figure 2.3.

Figure 2.3: Schematic diagram of the random trajectory of the ion

The distance, travelled by the ion and energy loss, is also random. Hence, all the penetrated ions

do not have the same depth, but they follow a distribution, which is called range distribution or
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range straggling. The range distribution is mainly Gaussian. The total distance, travelled by the
ion, is the path length, and the longitudinal range and lateral range from the end point of the
trajectory are shown in Fig. 2.3. The range distribution can be calculated from the computer

program Stopping Range of lons in Matter (SRIM).
2.1.4 Distribution of deposited energy

The energy, deposited of an ion in a primary collision within a range dx for nuclear energy loss,

is given by Winterborn et al. [52]
dE = S, (E(x))dx = Fp(x)dx (2.3)

where Fp, is the energy distribution function with depth. S,, (E) is the nuclear stopping cross-
section. Sigmund derived the expression of Fp(x) considering the linear collision cascade theory
[6] and had shown that the average deposited energy at a point r (X, y, z) in the target surface by

an ion moving along the z-axis is :

E (z—ho+a)? X%+ y?
Fo1) = Grrmamewv (-5 — 55) 24)

where E is the total energy deposited. The parameter a denotes the average penetration depth of
ion. The parameters o and £ indicate the width of the energy distribution along parallel (lateral)
and perpendicular (longitudinal) direction of collision cascade, respectively. These parameters
depend on the incident ion energy, ion mass, and also on the mass of the target atom. The
distribution of deposited energy by the ion to the target atoms is shown in Figure 2.4. The ion
range and straggling can be calculated from the computer simulation program SRIM. However,
Fp(x) cannot be calculated directly from SRIM. Although it is calculated from the number of

displaced atoms extracted from SRIM. According to Bolse [53]
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Fp(x) = ny (1) - (2.5)

Here, N, and n,(x) are the total numbers of vacancy and vacancy density. These vacancies are
generally created during ion bombardment and collision. If the transferred ion energy to the
target atoms is greater than the displacement energy of that target atoms, there will create a
vacancy by leaving the atoms from the lattice point, whereas the atom remains within the lattice
as an interstitial atom if the transferred energy is less than the displacement energy of that atom.
These interstitials and vacancies create the lattice defects at near surface regions of the solid at
low energy ion bombardment as the ions can penetrate ~ nm range by the low energy ion
bombardment. These defects after continuous bombardment lead to convert the crystalline
surface to amorphous. The amorphous layer can be increased by increasing ion flux, ion energy

etc.

Incident ion
@

h (x,y)

Figure 2.4: Schematic diagram of the energy distribution of an incident ion in the target.
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2.2 Sigmund’s sputtering theory

The most important theory of ion-solid interaction is Sigmund’s sputtering theory. Based on this
theory, different continuum models were developed to explain the ion beam induced surface
pattern formation. Some basic assumptions like the homogeneous and isotropic target medium,
the binary collisions, amorphous material, elastic collisions between ion-target, etc. were
considered for developing the model. During the ion bombardment on a solid, an ion suffers a
number of collisions with the atoms in the solid. The primary knock-on atom undergoes the
secondary collisions and generates another recoiled atom. During this collision process, some
atoms from the upper surface are removed, which is called sputtering or erosion of the surface.
This sputtering is characterized by the parameter sputtering yield Y, which depends on the
incident ion energy, mass, types of ions, target surface, and ion incident angle. The sputtering
yield is defined as “the ratio of the number of emitted atoms from the target and the incident
ions” [51]. According to Sigmund [6, 54], Y is proportional to the energy deposited in the target

surface during an elastic collision as
Y(E,0) = AFy(E,0) = Aa;N (2.6)

Here, F, (E, 8) is the depth distribution function, which can be derived from the equation (2.4). 6
is the angle of ion incidence with respect to the surface normal. «; is a dimensionless function of

mass ratio and 6. A is a material constant and is given by

3 1
T 4m? NCyEgp

2.7)

where N is the target atomic density, C,= 0.018 nm? and E,, is the surface binding energy.
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2.3 Dependence of sputtering yield with ion energy and angle

The sputtering yield depends both on ion energy and incident angle. When the incident ion
exceeds threshold energy, the sputtering of a surface is started. The sputtering yield of a surface
increases first with increasing ion energy and then it decreases. The sputtering yield of Si with

ion energy from 0 — 60 keV at incident angle 60° is calculated by SRIM and is shown in Figure

2.5.
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Figure 2.5: Sputtering yield of Si surface by N bombardment at 60° with ion beam energy.

Experimentally, it was also observed that sputtering yield increases with ion energy and at the
higher incident energy it decreases [55, 56]. The sputtering yield of a surface increases with ion

incident angle and reaches a maximum at a particular angle; after that, it decreases. The
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sputtering yield of Si, calculated from SRIM for 10 keV N bombardments as a function of

incident angle, is shown in Figure 2.6.

7o [ =W= Sputtering yield of 10 keV N on Si |
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Figure 2.6: Sputtering yield of Si surface by 10 keV N bombardments with ion incidence angle.

Like the energy dependence, the angle dependence of sputtering yield is fitted with an algebraic
formula [57] and compared with experimental data. Yamamura et al. [58] gave an empirical

formula of sputtering yield as a function of an angle as

Y(E,0) ef[l—l/cose]cose*
Y(E0) cosfo

(2.8)

where f and 8" are the fitting parameters. The sputtering yield becomes maximum at the angle
window 55°-85° depending on the mass ratio of projectile ion, target, and ion energy. Sigmund

[54] also gave formula on sputtering yield for normal incidence as

Y(E,0) = 0.042 45 (2.9)

Egp
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and for oblique incidence

Y(E,0) = Y(E,0)(cos§)™? (2.10)

Here, b is the function of mass ratio, and the above formulas are valid in the region where the

sputtering yield increases with ion energy.

2.4 SRIM and TRIM: Monte Carlo Simulation

SRIM (Stopping and Range of lons in Matter) is free software for estimating the stopping power
and range of ions in any solid material. The calculation is done using quantum mechanical
treatment of ion-solid interaction. The statistical algorithms methods are used for the calculation.
It is assumed that during the collision, the ion and atoms are bound in a screened Coulomb
collision. The binary collision between ion and target atoms is considered in this simulation.
SRIM can give the ion range and stopping power of ion in solid for a given ion energy, which are
very close to the experimentally observed results. However, SRIM cannot give variation of the
ion range with the ion incident angle and also this does not provide the ion distribution in target

material, vacancy profile, and sputtering yield information.

TRIM (Transport and Range of lons in Matter) is more comprehensive program, included in
SRIM software, which gives the detailed profile of ions distribution, vacancy profile of target
material, sputtering yield of atoms etc. TRIM can calculate the interaction of ion in compound
materials up to eight layers. “It can also calculate the 3D distribution of ions and all the kinetic
phenomena associated with the ion’s energy loss: target damage, sputtering, ionization, and

phonon production” [11]. This software is free and easily available in internet (www.srim.org).
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The use of SRIM/TRIM is also very easy. The programs are made so they can be interrupted at

any time, and then resumed later.

The calculated ions range, distribution, and vacancy profile from TRIM are not very accurate as
expected from experiment, but one can get an idea about the ions distribution, ion range and
other parameter from TRIM. It is not only used in materials science but also used in the field of

nuclear physics to estimate the ion penetration depth in the target.
2.5 Theory of ion beam induced surface pattern formation

In the previous section, Sigmund’s sputtering theory was discussed briefly, but this theory did
not explain the formation of nano-pattern on the solid surface by ion bombardment. Using this
theory, Bradley and Harper (BH) in 1988 introduced a linear continuum model [5], which
explained the periodic pattern formation successfully upto a certain extent. Although the Bradley
and Harper (BH) theory was the first breakthrough for an understanding of periodic pattern
formation from which new advancement of continuum models came into the scenario, but it had
some limitations to explain some experimental observations like the non-zero critical angle for
ripple pattern formation, the saturation of ripple amplitude [7]. These inadequacies were partially
recovered by initially Cuerno et al. in 1995 [26] by deriving a nonlinear continuum equation of
the Kuramoto-Sivashinsky (KS) type and then Makeev et al. [27] by adding some non-linear
terms in BH theory, which physically signifies the slope dependence of local erosion yield. The
pattern formation is explained fruitfully by linear BH theory upto a particular time after that non-
linear terms control the pattern formation. Later on, Carter and Vishnyakov (CV) in 1996 [8]
introduced the effect of mass redistribution, which could play an important role in pattern

formation [9, 50, 59-68]. Further, Bradley and Hofsass introduced a theory of the effect of ion
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implantation on the pattern formation, produced by ion bombardment on solid surfaces [69]. Our
group also contributed some crucial observations like the role of initial surface roughness
enhances the pattern formation very fast [70], projectile induced chemical change of the target
generates the surface instability [41], the role of beam impurity [71]. However, the complete
understanding of pattern formation is still under investigation. In these models, a partial
differential equation of temporal evolution of height was considered. During the bombardment,

the surface is far away from the equilibrium, and many other atomistic effects become effective.
2.5.1 Bradley and Harper model

Bradley and Harper developed the model, based on Sigmund’s sputtering theory. When an
energetic ion bombards the flat surface, the surface atoms are eroded, and the surface becomes
curved. They showed in their theory that the erosion rate of different points on the surface is
different. The schematic of erosion at a different point is shown in Fig. 2.7. The trough is eroded
faster than the crest because the deposition of energy at point B is greater than that at point B,

and the ions hit the point A contributes energy deposition to point B.

(a) convex




Figure 2.7: Schematic diagram of energy deposition at different points which shows the different
erosion rate at points in convex (trough) and concave (crest). The erosion rate is at trough (A,B

and C is higher than crest (A’,B’ and C’).

Now, for a flux of ions, the velocity of erosion at a point A or B can be calculated from the

energy deposition (equation 2.4), contributed by all the ions as

9(4) = A [ () Fp(r) (2.11)

where 9 (A) is the erosion velocity at point A, A is a constant as given in equation (2.7). () is a
local correction of ion flux J, and Fp(r) is the total energy deposited at a point as given in

equation 2.4.

In order to explain the pattern formation, Bradley and Harper calculated the integral of equation
(2.11) under the assumptions of large radii of curvature R, and R, and represented the time

evolution of height h(x, y, t) as

22 = —9(6, Ry, R\ T+ (Vh)? (2.12)

where 8 is the direction of the ion beam and surface normal; x and y represent the parallel and
perpendicular to the ion beam projection. According to this theory, the pattern is evolved by the
competition of the surface roughening via curvature dependent sputtering and surface
smoothening via the thermally activated surface diffusion. The linear continuum equation of

height, describing the surface pattern evolution, was given by BH [5] as

oh _ , 0h
= = Yo+ 9+ Sxa_z+SYF_KV4h (2.13)
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Here, 9, is the “erosion velocity of the flat surface at normal incidence”, and 9, is the “erosion
velocity of in-plane motion of the surface structure” [5]. However, these two terms do not
influence the pattern [27]. K denotes the thermally activated diffusion term. The above equation
of height is valid only when the radii of curvature are much larger than the ion range a. S, and S,
are the curvature dependent coefficients, which mainly control the surface pattern. The pattern
will be formed in the direction parallel (x) and perpendicular (y) to the ion beam projection if

Sy <Sy,<0andS, <S, <0, respectively, i.e., which value is more negative. S, and S,, depend

on the ion beam parameters as

S.(6) = YO(B)[ Sind ——(1 +—) cosé ——(3 + 1)6059] (2.14)

By

5,0 =-Lyvo|5 ( )cose] (2.15)

where J is the ion flux, Y, () is the angle-dependent sputtering yield and

A = a? sind, (2.16)
By = asin®*0 + ajcos®0, (2.17)
B, = a2 cosf (2.18)
C = %( ap — aZ )cos6 sinf (2.19)
Ay =§ and ag =% (2.20)
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All the parameters can be calculated with the help of SRIM or SDTRiImSP. To see the variation
of S, and S,, with ion angle, these two coefficients are plotted for 10 keV N bombardments on Si

surface and shown in Figure 2.8.

0.20+ E—
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Figure 2.8: Variation of S, and S,, with ion incidence angle for 10 keV N bombardments on Si.

From the variation of S, and S,, , it is obvious that both S, and S,, have the same value at normal
incidence, and with increasing angle, the value of S, and S,, differs. At normal incidence, the
pattern is isotropic, but for an oblique incidence, an anisotropic pattern is observed like the ripple
pattern. The value of S, is more negative at 35°- 65°, so the pattern at these angle window will be
along the parallel direction of ion beam incidence as observed experimentally [41, 72]. Above
the angle 70°, the value of S, become positive, and S,, is more negative, so one would expect the

pattern along perpendicular direction i.e., the pattern is rotated by 90° at grazing ion incidence

[73].
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To explain the periodic pattern, we need to know the solution of the height equation (2.13),
which can be analyzed by Fourier transform. If h(k,, k., t) be the Fourier transform of surface

height h(x, y, t), one can write equation (2.13) as

O (kyky,t)

2 = [=SekE = Sy — K (I + k) h(ky Ky, £) (2.21)

One can get the solution of this equation easily by integrating it,
h(ky, ky, t) = h(ky, ky, 0)exp[R(k)t] (2.22)

where h(ky, k,, 0) is the initial amplitude of the Fourier component and R(k) is the growth rate,

which control the growth of pattern in a particular direction given by
R(kyky) = = (Syk + S,k + K(k + k3)) (2.23)

From these equations, the Fourier amplitude will grow exponentially for R > 0. Again, the value
of K is always positive. So the amplitude will grow depending on the value of the curvature
coefficients S, and S,,. If both values are negative, then R must be positive. R will also be
positive if one of them is more negative. The height will grow periodically in that direction

which value will be more negative. The value of R will be maximum at k* = (max|S,,|/

ZK)l/z. So the wavelength of the periodic pattern will be

Ayy =2m J 2K /max|S,, | (2.24)

The alignment of ripple wavelength is determined by the larger absolute value of S, and S,,.

22



Linear BH theory can successfully explain many experimental observations like ripple pattern
formation at oblique incidence, the rotation of ripple pattern at higher angle, and an exponential
increase of ripple amplitude at an early time. However, this theory could not explain many

observations like

e The ripple coarsening at high fluence.
e Linear increase of ripple wavelength with ion energy.

e Non-zero critical angle for ripple pattern formation.

These deficiencies were overcome after several attempts by adding non-linear terms in the height

equation, which will be discussed in the next section.
2.5.2 Non-linear extension of BH theory

(a) Kuramoto-Sivashinsky equation

Cuerno et al. [26, 74] had introduced non-linear terms in linear BH equation to explain the long-
time behavior of ripple wavelength, which is called anisotropic Kuramoto-Sivashinsky (KS)

equation given as

oh , 8h 3%h 82h | Ay (BR\2 = Ay (8h\2 4
E——ﬁ0+190£+ Sxﬁ+syﬁ+7(a) +7(£) — KV*h +n (2.25)

Here, all the terms except fith and sixth on the right-hand side of equation (2.25) are same as BH
equation (2.13). The fifth and sixth terms are due to non-linear effects. The seventh term

represents diffusion or viscous flow, and the last term is Gaussian white noise. 4, ,, are the non-

conserved Kardar-Parisi-Zhang (KPZ) nonlinearities [75, 76] and given by
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Ay = F—{agafgs“(B +2c?) + 4aags?c* — agagc*(1 + 25?) — f? (Zaas —

2f4
agag(1+ 252)) —adags?c? — f4} (2.26)
= F?{a s+ agagc® — ajape® — f2} (2.27)

Park et al. [77] demonstrated that upto a certain time the pattern could be described by the linear

theory and after the crossover time the non-linear terms dominate the pattern formation. After the

crossover time t, X —— G ) lnl"y depending on the sign of the product of non-linear terms A,
X,y Xy

and A,, two different scaling regimes are predicted. 4,.4, > 0 indicates an algebraic scaling
behaviour similar to the KPZ equation [76], on the other hand, A,.4, < 0 might correspond
isotropic logarithmic scaling [27, 74]. A,.A, < 0 also predicts the rotation of the ripple by an
angle 6, = tan~' 1,,,,/4,,, [77]. Such rotation of ripple was only observed for high temperature
and at very high fluence (~ 10*°) [78]. So far, logarithmic scaling behavior has not been observed
experimentally, but with increasing angle of ion incidence, one would expect the transition of

KPZ scaling to logarithmic scaling [74].
(b) Damped Kuramoto-Sivashinsky Equation

When the KS equation fails to explain some experimental phenomena like the stabilization of
ripples or dot after long time bombardment, hexagonal ordering of dot structure, Facsko et al.
[79] adopted the isotropic damped KS (dKS) equation for normal incidence ion sputtering. It was
also shown that by numerical integration using this equation, dot patterns could exhibit well

hexagonal ordering as observed on semiconducting surfaces experimentally [80, 81]. Paniconi
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and Elder [82] first used this equation to explain stationary patterns. The dKS equation is nothing
but the KS equation (2.25) with an additional damping term —yh introduced by Chate et al. [83].
The presence of this additional term decreases the exponential surface height i.e., it can act as a

smoothing term and decreases the kinetic roughening.
2.5.3 General continuum equation

The general form of the continuum equation can be obtained from the expansion of equation

(2.12). This is given by [27]

an _
at

, dh 8%h an\2 32 a dh 3%h 82 92
—190 + 190 P + Zi=x,y {_Si Fy) + /1i (5) + “Qi ﬁah + Ei 567} + Zi,j=x,y {_Di,j ﬁﬁ h} —
KV*h +1

(2.28)

All the terms are discussed in the previous section except 2 and &, which are given in the ref.
[27] in detail. As the general continuum equation consists of linear and non-linear terms, the
effect of these in surface morphology is difficult to predict. However, Makeev et al. [27]
predicted the different morphological cases and some features were studied [84], the complete

understanding of the non-linear behavior of equation (2.28) is still under investigation.
2.5.4 Role of mass redistribution on ion-induced pattern formation

The ion-induced pattern formation was successfully explained by linear Bradley and Harper
theory [5] and its non-linear extensions [25, 27, 76, 77]. However, the BH theory did not support

the non-zero critical angle for pattern formation and the flat surface in the angle window
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0° < 6 < 45° after ion bombardment. This discrepancy was first overcome by Carter-
Vishnyakov (CV) by introducing the collision cascade mass transport and redistribution [8]. This
effect was also evidenced by several simulation results and experimental observations [9, 61-63].
Later on, Madi et al. [9] had shown based on CV model that the mass redistribution effect
dominates over the BH sputtering effect in the surface instability. Following the CV model, Madi

et al. developed the height equation almost same as BH equation [85] given as
Oh(x,yt)

= 5.2 45 (0) 2 Kkvth 4+ n(x0) (2.29)
at x dx2 y dy? X, ’

The only difference is in the curvature dependent co-efficient S, () and S, (6) which contains

the BH erosion term as well as mass redistribution term as
$,(8) = SET0%(8) + SeUs(8) = aYy(O)(0) + 1+ 805(20) . foorr(8)  (2.30)

As the y-directional contribution was not considered in the CV model [8], Bobes et al. [66]

assumed S,,(6) to be only erosion contributed as given in BH theory.
NOEELAQING (2.31)

Although, Davidovitch et al. [86] included the mass redistributive term by extending the CV

model which is given by
Syedis:(6) = < 5c0s%(6). foorr (6) (2.32)

Here, most terms of equation (2.29-2.32) have been already discussed in the previous section. §

is the average travel distance of recoil atoms which can be calculated from SRIM simulation [50,
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68]. feorr(8) is the correction factor as given in details in this ref. [66]. I}.(8) and I3,(9) are

nothing but the BH curvature dependent terms given by

L, (0) = [%Sin@ — ZB?zl (1 + zA;le) cosf — % (3 + g) cos@] (2.33)
r(0) = [ £ (% +4°) cose] (2.34)

Many experimental observations have been reported where mass redistribution effect dominated
over BH erosion term [9, 50, 66, 68]. The angle-dependent curvature coefficients are shown in
Figure (2.9) for 10 keV N ion bombardments on Si surface. Here, the mass redistribution effect

is mainly dominating the pattern formation.
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Figure 2.9: Variation of curvature coefficients with incidence angle for 10 keV N bombardments

on Si.
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2.5.5 Effects of implants and impurities on pattern formation due to other

effects like ion implantation, impurity

The effects of ion beam induced erosion and mass redistribution on pattern formation have been
discussed in the previous section. However, there are some other effects, which influence the
pattern formation. It was shown by Bradley and Hofsass [10] that the effect of implanted ions
dominates over erosion and mass redistribution for 5 keV C* ion bombardment on amorphous C
sample. They gave a theory on it. The idea of this theory is like when non-volatile ions are
implanted, it becomes mobile in the surface, and the concentration of the ions increases even
after the preferential sputtering. The important effect, which enhances the pattern formation, is
the impurity. Ziberi et al. [16, 18, 87] initially detected the pattern formation, induced by
unintentional contaminations from different sources. Hofsass and Engler pointed out the effect of
contaminations on pattern formation [20, 21]. After that, many researchers experimentally
showed the pattern formation by external metal ion incorporation [22, 23, 88, 89]. Bradley gave
several theories on the effect of external impurity incorporation on pattern formation [90-93].
However, the effect of beam impurity on pattern formation was not considered by any group. We
have recently shown that beam impurity in the mass unanalyzed beam and this impurity induced
target chemical change play the major role mainly in low energy ion induced pattern formation

[71]. The effect of beam impurity on pattern formation will be discussed in detail in chapter 6.

2.6 Dynamic scaling theory for pattern formation

2.6.1 Dynamic scaling concept
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To explain the nano-pattern formation, several continuum models are proposed, but none can
describe the experimental observations completely. As an alternative approach, the scaling
theory is used to describe the nature of growth of the surface morphology with ion fluence. The
idea of scaling theory is that it finds some exponents and from those exponents, the nature of the
growth is explained. Depending on the scaling exponents, one can assign the growth system as a
particular universality class, which corresponds to a certain continuum model. In recent years,
the dynamic scaling behavior of thin film growth by various deposition methods has been widely
studied [94-101], but a very few studies on the growth dynamics of nanostructures by ion beam

erosion has been investigated [27, 68, 102-104].

The surface evolution during growth or erosion is due to random fluctuations (noises) of

heights as well as by local or non-local smoothening/roughening effects on the surface [105].
Statistically, the fluctuation of height having field h(f, t) at the position [ is characterized by the
temporal evolution of interface width i.e., rms roughness defined as W(L,t) = < [h(L,t)— <

h(f t) >]% >/2 where the angular brackets denote averaging over all length scale [ within a
system size L. According to dynamic scaling theory, surface roughness follows the standard
Family—Vicsek (FV) equation [75, 106]; for small length scale(l « &), this increases with system
length [ following a power law ~ [%, where « is the roughness exponent, but at larger length scale
(L » &), W shows saturation and becomes independent of system length [. In the later regime
(I » &), W scales with time as t#, where f is known as the growth exponent. So generally, the

scaling behavior of W (I, t) can be written as

1 ifl<thle

W, t) < {tﬁ i Lo thla (2.35)
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Here, & signifies the lateral correlation length i.e., the system length up to which the
heights are correlated, which again scales with time as t/#, where 1/z = B/« is called the
dynamic exponent. It can be calculated from the width of autocorrelation function C(l) =<

h()h(0) > at which (¢) = C(0)/e, e is the base of natural logarithm [107].

The important parameter, which is used to investigate the growth process of the surface
structure by ion erosion or deposition process, is the height-height correlation function. This is
defined as “the mean square of the height difference between two positions separated by a lateral

distance [”, can be expressed as
G(L,t) = [h(Lt) — h(0,t)]? (2.36)
The scaling properties of G (1, t)for isotropic surface can be written as

12« if | K &(t)

2W2(t)  if L>» &) (237)

G(l,t) x {
The height-height correlation function increases initially with r and then saturates at ¢. So, at
r > &, the asymptotic value of \/G (1) /2 gives the value of rms roughness .

Alternatively, another important parameter power spectral density (PSD) or structure factor,
which is obtained after the Fourier transform of surface height, is defined in momentum space to

study the scaling behavior as
PSD (k,t) = S(k,t) = (h(k, t)h(=k,t)) (2.38)

where h(k, t)denotes the Fourier transform of the surface height h(l, t)and k denotes the spatial

frequency. The structure factor also follows Family-Vicsek relation as
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S(k,t) = k= Ca+dg(ft1/7) (2.39)

const. ifu>1,

uCerd ify « 1. (2:40)

with the scaling function, s(u) « {

Here, d is the dimensionality of the surface, i.e. for two-dimensional system d = 2 and for one-
dimensional system d = 1. From the scaling law, one can find the values of scaling exponents «,
B, and z from the surface morphological images, and from these values, we can estimate the

nature of the growth as well as control the growth.
2.6.2 Scaling theory for anisotropic surfaces

The scaling behavior of anisotropic surfaces is more complex than the isotropic surfaces. The
dynamic scaling exponents along different direction say X, y are not same for a growth system.
So, the roughness exponents a,, can be extracted from the height-height correlation function
without considering any time dependence. Then the rescaling function along x-direction can be

written as [108]
G(x,y) x b%G(b~1x,b~%x y) (2.41)

Here, x, = % is the anisotropy exponent indicating the degree of anisotropy in two directions.
y

Similarly, the rescaling function of height-height correlation function along y-direction is
G(x,y) x b%G(b™ v x,b~1y) (2.42)

with x,, = xi = ? Similarly, the scaling behavior can be applied for the structure factor of one

dimensional cut along x and y direction in momentum space. These can be written as [109]

S(ky) o kBt xx) (2.43)
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S(ky) o ke, ~FO+27%) (2.44)

where &, ,, is two roughness exponents in momentum space can be correlated with the roughness

exponents in real space as

Ay =Qy ———= =0 ——— (2.45)

@y = ay, — =a, . (2.46)

For isotropic scaling, xx = xy = 1, i.e., ay = ay, @, = a, and &, = a,,. Substituting (2.45)

and (2.46) into (2.43) and (2.44) we get
S(ky) ok~ GxtD) (2.47)
S(k,) o k, ot (2.48)

Thus for kx,ytl/z > 1, the real space exponents can be calculated from momentum space by one

dimensional structure factor. Another exponent, called dynamic exponent, calculated from
correlation length, also shows anisotropy along two different directions. The scaling relation

along two directions is &, o t'/% and §y /%y 1t was shown that for strongly anisotropic

scaling, one has to follow the relation § = ? = ? [110].
x b%
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Chapter 3

Experimental procedures and characterization techniques

The Si(100) and muscovite mica samples were bombarded by keV energy ion beam. The
different types of ion beams were extracted from an ECR (Electron Cyclotron Resonance) ion
source in the Radioactive lon Beam Laboratory (RIB Lab) at Variable Energy Cyclotron Centre
(VECC), Kolkata, India. The whole experimental system was maintained at high vacuum (better
than 107 mbar). The samples before and after irradiation were characterized by several
techniques like Atomic Force Microscopy (AFM) for surface morphology, Transmission
Electron Microscopy (TEM) for cross-sectional information of the sample, X-ray Photoelectron
Spectroscopy (XPS) for surface chemical composition, X-ray Diffraction (XRD) for structural
information, and UV-visible spectrophotometer for optical measurement. This chapter describes

the sample preparation methods and characterization techniques.
3.1 Low energy ion beam system for surface and interface modification

The low energy ion beam irradiation method was used to prepare the samples. The schematic of
the low energy ion beam experimental set up and photography of experimental set up in the lab
are shown in Figure 3.1 and 3.2, respectively. The system consists of (i) an ECR ion source, (ii)

accelerating system, (iii) analyzing dipole magnet, and (iv) the target chamber.
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Figure 3.1: Schematic of ECR ion source and low energy ion separator
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Figure 3.2: Photography of low energy ion beam experiment set up in VECC Kolkata
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(i) ECRonsource

The Electron Cyclotron Resonance (ECR) consists of (a) a plasma chamber under vacuum, (b)
solenoid coils and hexapole permanent magnet, (c) microwave source, and (d) gas feeding
system. The schematic diagram of 2.4 GHz ECR ion source at VECC Kolkata is shown in Figure

3.3.

solenoid magnet

plasma heating
by ECR

L

. extraction of
microwave nls :

_~ charged ions

gas inlet

hexapole
magnet

Figure 3.3: Schematic diagram of the ECR ion source.

The solenoid coils provide the axial magnetic field, whereas the hexapole magnets create the
permanent radial magnetic field of 1 Tesla. The gas is injected into the ECR plasma chamber to
generate the plasma. When the microwave is injected to the plasma chamber, the plasma is

generated. The electrons move in a circular orbit around the magnetic field due to the Lorenz

force. The frequency of gyration of the electron is wgcp = %, e is the electronic charge, B is the
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magnetic field, and m is the mass of the electron. When the frequency of microwave matches
with the electron gyration frequency, the resonance occurs. This resonance condition is called

electron cyclotron resonance (ECR) as given below

B
Wgrr = Wgcr = % (3.1)

Due to the resonance, the electrons get heated, and when their energies reach above the
ionization potential, they eject the orbital electrons creating the ionized atoms. As a result, the
huge amounts of ions with single, double, triple, and so on charge states are created in the plasma
chamber. Generally, the density of ions in a plasma chamber can be of the order of 10
particles/cm® with electron temperature upto few keV [1]. The inner diameter of typical plasma
chamber is chosen as > 21 , where A is the wavelength of the microwave. The microwave power
is generated by a klystron amplifier (2kW), which is transmitted into the ECR ion source by
transmission wave guides. The plasma chamber as well as the ECR body is cooled with low

conductivity water (LCW) due to the microwave heating.
(i)  Accelerating system

The ions, produced inside the plasma chamber, are extracted at energies ranging from 2 keV to
30 keV. The plasma chamber is kept at a floating high voltage, whereas the extraction electrode
is grounded. A plasma electrode is also placed in the beam extraction end of the ECR plasma
chamber. There is a potential difference between the plasma electrode and ground extraction
electrode. Due to this potential difference, the ion beam is accelerated. An Einzel lens is placed
after the extraction electrode for focusing and transporting the beam towards the analyzing

bending magnet.
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(il)  Analyzing dipole magnet

The analyzing dipole magnet is a very important part as it gives pure mass analyzed beam after
filtration. The analyzed beam is extracted by the selection of A/q ratio, where A is the mass
number of ion, and q is the charge state of the ion. This analyzing magnet can also be used as

isotope separation. The mass spectrum of ions on the target chamber is shown in Figure 3.4.
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Figure 3.4: Mass spectrum of ions on target chamber by 6 keV extraction volage from ECR ion

source showing different ions extracted from ECR ion source.

The mass spectrum was taken in the region of the magnetic field where Ag beam was extracted

and shown in Figure 3.5. This shows the well separation of 1’ Ag and *®Ag isotope.
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Figure 3.5: Mass spectrum of ions on target chamber 6 keV extraction voltage from ECR to

show Ag isotope separation.
(iv) Target chamber

The target chamber is connected with the beam line, and it is placed just after the Faraday cup 2
as shown in Figure 3.1. The target is maintained at a high vacuum with pressure ~ 10" mbar.
Four samples can be mounted at a time, and by adjusting the feedthrough, all the samples are
irradiated without breaking the vacuum. The samples are placed on a small aluminum block of
different angles. Each sample is surrounded by a cylindrical cup, which is given a negative bias
to suppress the secondary electrons. A front plate covers all the cylinders, and 8 mm hole in the
front plate is kept to pass the beam into the sample. The schematic of this arrangement is shown

in Figure 3.6.
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Figure 3.6: Sample holder for ion beam irradiation experiment.

The target, cylinders, and front plate are electrically isolated. The target current is measured by a

current integrator from Danfysik (model A554).
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3.2 Characterization techniques

In this thesis, the Atomic Force Microscopy (AFM) technique was used mostly for the surface
morphology. Also, the X-ray Photoelectron Spectroscopy (XPS), Transmission Electron
Microscopy (TEM), X-ray Diffraction (XRD), and UV-Visible Spectrophotometer were used for

characterization purpose. The detailed techniques are discussed in this chapter.
3.2.1 Atomic Force Microscopy (AFM)

The Atomic Force Microscopy (AFM) is basically a family of scanning probe microscopy (SPM)
techniques, which came after the invention of scanning tunneling microscope (STM) in early
1980. In this method, a sharp probe (tip) is used to scan over the sample for taking the
morphology. The tip is used as a cantilever, which is basically of silicon or silicon nitride having
a radius of curvature ~ nm. When the tip is taken close to the surface, the forces between tip and
surface follow the Hooke’s law F = —kx, which leads to the deflection of the cantilever. Here, F
is the force, k is the force constant, and x is the cantilever deflection. The range of force constant
lies usually from 0.01 to 1.0 N/m, which leads to the force in the range from nN to pN. The force
distance curve is shown in Figure 3.7, which explains the several types of interaction with the
cantilever and sample surface. When the tip is kept a far distance from the sample, no adhesion
force acts between them, but when the tip is close to the sample, there acts attractive force as
shown in the right of the curve. At a certain distance, the tip touches the sample when the
adhesion force is much larger than the force due to cantilever. In this region, the repulsive force

generally balances the cantilever to its position.
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Figure 3.7: Force distance curve of AFM operation.

The AFM consists of a cantilever, mirror, position sensitive photodetector, piezoelectric scanner,
and computer. The schematic diagram of it is shown in Figure 3.8. When the tip scans over the
sample surface, it takes the fluctuation of height profile by position sensitive photodetector and
feedback loop. The piezoelectric scanner converts the mechanical change to the electrical signal
and shows the surface topography as well as height profile on the computer screen. The AFM is
mainly operated in three modes, the first one is contact AFM in which the tip-surface separation
is less than 0.5 nm, the second is tapping mode in which the tip-surface separation is 0.5-2 nm,

and the third one is non-contact mode in which the separation is 0.1-10 nm.
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Atomic Force Microscopy (AFM) :

General Components and Their Functions
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Figure 3.8: Schematic diagram of the working principle of AFM.

Contact mode AFM

In this mode, the tip makes soft contact with the sample surface. When the tip surface separation
is of the order of few angstroms, it experiences repulsive van der Waals force. In contact mode,
the tip scans the surface by keeping a constant distance from the surface (using the feedback
loop) by vertically moving the scanner at each (X,y) data point to maintain a “setpoint”

deflection, and the variations in tip-sample interaction force reveal the atomic scale topography
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of the surface. This mode is suitable for rough solid samples. The main disadvantage of this
mode is that it may damage soft samples as the tip remains in very close proximity to the sample

surface.

Tapping mode AFM

This mode was developed to get high-resolution topography without inducing any frictional
forces between tip and surface. In this mode, the tip oscillates up and down the surface at or near
its resonance frequency. When the tip approaches close to the surface, several forces like “van
der Waals forces”, dipole-dipole interactions, electrostatic forces, etc., act on the cantilever,
which leads to decrease in the amplitude of the oscillation. A feedback loop maintains the
constant separation between tip and sample. As a result, the image is obtained by scanning the
surface. This method allows to get high resolution and damage free imaging of soft and delicate

biological samples. However, this mode encounters difficulties for liquid samples.

Non-contact mode AFM

This mode is basically used to image the fluid sample. In this mode, the tip operates in the non-
repulsive region of the force vs. distance curve [Fig. 3.7]. During the scanning, the tip is not in
contact with the sample, but it oscillates above the adsorbed fluid layer on the surface at a
frequency larger than its resonance frequency. Hence, the sensitivity is increased compared to
the tapping mode AFM, but the resolution of images seems to be poorer. This significant
drawback can be removed in ultra-high vacuum (UHV), where Non-contact mode AFM gives

the best imaging of the sample surface.
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Details of AFM in the present experiments

In the present experiment, the nanoscope Multi-Mode V has been used which consists of major
components microscope, xyz scanner, controller, and computer as shown in Figure 3.8. The
position sensitive detector provides different information with combining four elements of the
quad photodiode, and these four elements combine to form the SUM signal. The scanner crystals
X-Y axes produce a raster type scan in which the horizontal axis is referred to as fast axis scan,
and the vertical axis is referred to as slow axis scan. A Nanoscope V controller controls the

whole experimental system.
3.2.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a very powerful tool to characterize the surface
chemical composition. The mechanism of XPS is mainly based on the photoelectric effect. This
technique is widely used to investigate the elemental composition, the empirical formula of a
material, contamination on the surface, and chemical states of elements. It can give the
information from the top surface to 10 nm depth surface. The XPS spectra are obtained after
irradiating the sample surface by energetic X-ray beam and hitting the core electrons, which
results in the ejection of that electron. The kinetic energy of that electron is measured by electron

energy analyzer to get the binding energy (B.E.) of the photoelectron as
B.E.= h9 —K.E.—W (3.2)

where h is the Planck constant, 9 is the frequency of the photoelectron, K.E. is the kinetic energy
of the photoelectron, and W is the work function. The schematic diagram of XPS is shown in

Figure 3.9.
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Electron energy analyzer

Figure 3.9: Schematic diagram of the working principle of XPS.

The different parameters like elements in the sample, the chemical change of the sample are
determined from the peak intensities and peak positions of different elements in the XPS spectra.
The stoichiometry of chemical compound is also predicted from the peak fitting of high-
resolution XPS spectra. The % of atomic concentration can be calculated by determining the area
of each peak and considering the sensitivity factor. In the present experiment, an Omicron Multi-
probe (Omicron Nano Technology, UK) was used for XPS. A monochromatic Al K, source of
X-ray was used to provide photon energy, and the hemispherical analyzer was used to calculate
the kinetic energy of the photoelectrons. The whole system was maintained in high vacuum (~

10™ mbar).
3.2.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a very important technique to get the atomic level
images of a specimen. The image is formed by passing an electron beam perpendicularly through

ultrathin sample. The basic principle is same as that of light microscope, but the resolution of
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TEM is thousands times better than light microscope as the wavelength of electron (0.05 A) is
much lower than usual visible light (0.5 um). So, this can give the image in atomic resolution.
When the electrons are transmitted into the specimen, it interacts with the surface and the
magnified and focused images are formed on a fluorescent screen or on a CCD camera. The
schematic diagram of TEM is shown in Figure 3.10. The major parts of TEM are electron source
or gun, electromagnetic lens system, sample holder, and imaging system. The source of electrons
consists of a cathode and anode, which can produce upto 200-300 keV energy. The electrons are
focused in a parallel beam by a condenser lens. The condenser lens is mainly a pair of
electromagnetic lens. The first condenser lens fixes the spot size, and the second lens changes the
size of the spot on the sample. A condenser aperture is also attached beneath the second
condenser lens which is a thin disk of metal with small circular aperture. The beam from the
aperture strikes the sample which lies in the plane of objective lens. The objective lens focuses
the transmitted electrons from the sample into an image. Finally, the electron beams fall on
phosphor screen or charge coupled device (CCD) camera, which can be magnified on the

viewing screen by the first and second intermediate lens and the projector lens assembly.

The main important task for getting good images of a sample is the preparation of the
sample. For this, the specimen is made so thin that major portion of electron beam can pass
through the sample. The penetration power of electron beam depends on the energy of the
incident electron and elemental composition of the sample. Generally, the sample is thinned

below 100 nm for TEM and below 50 nm for high-resolution TEM.
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Figure 3.10: Schematic diagram of TEM

The electrons during passing through the sample can produce backscattered or elastically
scattered electrons, inelastically scattered electrons, X-rays, Auger electrons or light etc. Also,

the electrons transmitted through the sample can be divided into two categories, one is scattered
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i.e., diffracted, and another is unscattered i.e., transmitted beam. The transmitted electrons do not
interact with the surface and are proportional to the thickness of the sample. On the other hand,
the elastically scattered electrons are diffracted by atoms and produce the diffraction patterns,
which follow the Bragg’s law. These patterns can give atomic spacing between two crystal

planes.

In this thesis work, TEM, HRTEM including Electron Energy Loss Spectroscopy (EELS)
and Energy Dispersive X-ray spectroscopy (EDX) investigations are performed using a FEI,
Tecnai G2F30, S-Twin microscope operating at 300 kV withGatan Imaging Filter (model 963)
and EDAX detector (EDAX Inc.), respectively. The Cross-sectional TEM (XTEM) specimens
are prepared using the standard method of mechanical grinding and dimpling with final thinning

using a precision-ion- polishing system (PIPS, Gatan, andPleasanton, CA).

3.2.4 X-ray Diffraction (XRD)

When the wavelength of an X-ray is of the order of the inter-atomic distance in the crystal, the x-
rays are diffracted, called X-ray diffraction. This is due to a certain phase relation between two
or more waves. If a wave is incident on crystal planes with separation d, the path difference
between the waves, scattered from two consecutive planes, will be 2dsin6, 6 being the incident
angle. The scattered rays are completely in phase with each other if their path difference is an
integral number n of wavelengths i.e., 2dsind = nA, Ais the wavelength of x-ray. When the
angle of incidence with the surface is ~ 0.5°, the near surface information can be acquired, which
is called Grazing Incidence X-ray Diffraction (GIXRD). It is very useful for ion beam implanted
samples. In the present case, a Bruker D 8 Advance X-ray diffractometer using Cu K, radiation

has been used to characterize the phase of the buried implanted layer.
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3.2.5 Ultraviolet-Visible Spectroscopy

Ultraviolet-visible spectroscopy is the absorption or reflection spectroscopy in the ultraviolet-
visible range. When the light in the UV/Visible range (210 — 900 nm) is incident on any sample,
the electronic transitions between two energy levels takes place for electromagnetic radiation in
the spectrum. The molecules in the sample basically absorb ultraviolet radiation, and the
electrons in the molecule undergo a transition from lower to higher energy level. However, the
whole energy is not absorbed by the molecule, some part is absorbed and other is utilized for the
transition from lower to higher energy level. A spectrometer is used to record the percentage of
absorption by a sample at a different wavelength, and the plot of absorbance vs. wavelength
gives the absorption spectrum. UV/Vis spectroscopy is generally used in chemistry, biological
macromolecules. This is commonly carried out in solutions, but the works in solids are also
studied. In this thesis, the spectrum was taken in reflectance mode by PerkinElmer Lambda 750

UV/VIS spectrometer in the wavelength range190-800 nm.
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Chapter 4

Surface and near surface modification of Si by ion beam irradiation for

photovoltaic and de-wetting applications

This chapter first describes the synthesis of nano-pattern and buried plasmon active layer
formation on Si surface for photovoltaic application. Then, the growth of nano ripple pattern
formation by N* ion bombardment at different energies on Si surfaces is discussed. Also, the
optical study of N implanted Si surfaces and tuning hydrophobicity with the ion beam parameters

for N bombarded Si surfaces are deliberated here.
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4.1 Synthesis of nano-patterned and plasmon active buried thin layer by ion

Implantation for higher efficiency solar devices

4.1.1 Introduction

Surface patterning, as well as metallic nanostructures incorporation in a semiconducting
material, has attracted much attention because of its potential application in plasmonics, solar
energy harvesting, storage devices, and nanoelectronics [111]. The presence of plasmon active
metal nanostructures in amorphous Si enhances the photocatalytic and photovoltaic properties of
semiconductor [112, 113]. The surface texturing or patterning on a semiconductor is also another
way of increasing light absorption efficiency. The pattern on the surface increases the surface
absorption area and simultaneously reduces the reflection of light, hence increases light trapping

ability [114, 115].

For solar energy harvesting, c-Si or a-Si is not good absorber of light in the visible solar
spectrum [113]. However, it is still the best selection for solar devices because it is abundant,
non-toxic, cheap, and its processing technology is well known. Specifically, thin film a-Si solar
cell technology is more attractive to make very cheap and flexible solar harvesting device.
Therefore, an innovative cost effective and minimum step processing approach is essential to
increase the efficiency of a-Si based photovoltaic devices. Previous initiatives involve increasing
the surface area [115] and incorporation of plasmon active particle [113]. For wafer based Si
cells, 2-10 micron depth trenches are drawn for more light trapping [113], but for thin film solar
cells, this much trench is not possible, whereas nano-metre scale regular texturing by
lithographic technique on a large area is not cost effective. The surface texturing done by

chemical etching [114] generates random rough surface and also incorporates undesirable
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chemical contamination. Plasmon active metal ion implantation promised potential improvement
of photovoltaic [116] and photocatalytic [117] behavior. Metal incorporation by simple
deposition is a common practice, however multi-step processing, as well as high-temperature
annealing, is required [118] in this process. Therefore, surface texturing and metal incorporation
by such multi-step process can be expensive and complicated. The KeV energy broad ion
bombardment is a powerful technique to pattern a large surface area as well as implants metal

atoms at a specific depth with a controlled concentration [41, 119] .

Here, we will discuss an ion beam based approach where the nanopatterning and plasmon
active metal incorporation have been performed simultaneously by a single step low energy ion
implantation on Si. We have observed rim type surface pattern and buried nickel silicide layer
formation by 10 keV Ni® ions implantation on Si (100) surface at normal incidence.
Amorphization of the c-Si substrate is advantageous for the present study where this system
becomes equivalent to thin film a-Si based solar cells. Crater surrounded by rim type regular
surface pattern formation due to Ni* ion impact is explained as well as the system is cross-
sectionally probed by TEM and verified with SRIM calculation. The enhancement of light

absorption by patterned and nickel silicide embedded Si is presented here.
4.1.2 Experimental

The commercially available polished Si (100) samples were cleaned and degreased with
trichloroethylene in an ultrasonic bath and then washed with methanol and distilled water. The
samples were bombarded with 10 keV Ni* at the normal incident with a fluence of 1x10*
ions/cm®. The angle of ion incidence has been considered as the angle of ion beam with the

surface normal throughout the thesis. The ion beam was extracted from the 2.4 GHz ECR ion
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source of the Radioactive lon Beam Facility at Variable Energy Cyclotron Centre Kolkata.
During the experiment, the target chamber pressure was 3x10”" mbar. The surface morphologies
of the Si(100) samples before and after the implantation were examined in air using Bruker

Atomic Force Microscopy (AFM), Multi-Mode V at VECC, Kolkata.

Cross-sectional TEM (XTEM) specimen was prepared using the standard method of
mechanical grinding and dimpling with final thinning using a precision-ion- polishing system
(PIPS, Gatan, and Pleasanton, CA). The ion polishing was carried out at 3.0 keV followed by 1.2
keV cleaning process at SINP, Kolkata. TEM including Electron Energy Loss Spectroscopy
(EELS) and Energy Dispersive X-ray spectroscopy (EDX) investigations were performed using a
FEI, Tecnai G* F30, S-Twin microscope operating at 300 kV with Gatan Imaging Filter (model

963) and EDAX detector (EDAX Inc.), respectively, attachments also at SINP, Kolkata.

Grazing incidence X-ray diffraction (GIXRD) profiles from Ni implanted Si samples
have been recorded at grazing incident angle of 0.5° by a Bruker D 8 Advance X-ray
diffractometer using Cu Ko radiation. Optical measurements are performed by a Perkin Elmer

Lambda 750 UV/VIS spectrometer in the wavelength range 190-800 nm.
4.1.3 Results and discussions

Figure 4.1 shows the AFM images of bare and Nickel ion bombarded Si surfaces. The
AFM image of bare Si (100) is shown in Figure 4.1 (a). The measured rms roughness of the bare
sample is 0.11 nm. Figure 4.1(b) shows the topography after 10 keV Ni* ion bombardment at
fluence of 1x10" ions/cm?. Craters surrounded by rims are observed on the surface, and the

surface roughness increases to 0.78 nm. The line profiles of the structures are also shown, and
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the average crater diameter varies from 105 nm to 115 nm. The nuclear stopping power of 10

keV Ni on Si (100) surface, calculated from SRIM, is 82 eV/ A°.

High density energy deposition of Ni ions changes the initially flat Si surface by
removing a volume of material at the impact point and also rearranges the target atoms around
the depression. With continuous bombardment, the combined effects of individual ion impact
develop the rim pattern on the surface. Kalyanasundaram et al. [62] demonstrated the effect of
500 eV Ar" ion bombardment on Si at normal incidence and determined the change of local
surface height by molecular dynamic simulation. Bradley and Harper predicted that the low
energy ion induced erosion leads to linear instability for all ion incident angle followed by a
structure formation on the surface [5]. Khang et al. [120] included the nonlinear terms and
explained the hole or mound formation on the surface due to ion bombardment at normal
incidence. Nevertheless, if only sputtering removal is considered, the decrease of height (hole)
formation is expected, but the observed rim formation could not be explained. Davidovitch et al.
[86] demonstrated that surface height change is not due to purely erosive, but mass redistribution
is very much important. The effect of sputtering and mass redistribution leads to create reduced
and increased height, or crater and rim, respectively [62]. However, the crater function model
without the consideration of local curvature could not explain the structure formation properly at
normal incidence [121]. Recently, Harrison and Bradley [122] have showed that the
incorporation of curvature in crater function model is essential to describe the instability of the
surface and hence pattern formation. The observed rim structure formation can be explained
properly by curvature dependent crater function theory [122]. The impact of individual ion
generates the craters on the flat surface and modifies the local height profile. For long time ion

bombardment, the changes of local surface height for individual ion impact are superimposed,
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and a final pattern is formed on the surface. The crater surrounded by a rim structures as shown
in Figure 4.1(b) is the cumulative effect of total ions fluence (1x10' ions/cm?). Such pattern on
the surface increases the possibilities of multiple scattering and trapping of incident light on the

surface, thus, enhances the absorption of light.
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Figure 4.1: AFM topography of (a) bare Si(100) surface, (b) 10 keV Ni* ( fluence 1x10'" )
bombarded Si(100 ) surface showing rim surrounded crater structure, (c) line profile along the
marked line on (b), (d) The Power Spectral Density profiles of the bare and the irradiated Si,

calculated from AFM data of (a) and (b).

Power Spectral Density (PSD) function represents the amplitude of roughness of a
surface as a function of the spatial frequency. The inverse of the wavelength of a surface feature
is the spatial frequency. The PSD function expresses periodic surface features in reciprocal
space. The PSD spectra of the Si (100) surfaces before and after the irradiation, obtained from

the AFM data, are shown in Figure 4.1(d). No peak is observed for smooth bare Si surface,
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whereas a peak at k value 0.00508497 nm™, corresponding to surface pattern wavelength
1235.01 nm, is observed. This represents the periodic rim patterns of wavelength 1235 nm due to

the Nickel ion bombardment on Si (100) surface.

The collision and consequent implantation details are calculated by SRIM [11] and
experimentally investigated by Cross-sectional Transmission Electron Microscope (XTEM).
When energetic ions are bombarded on a solid surface, the solid surface loses its crystalline
property as well as the vacancies are created in the solid. The primary Ni ions stop at a distance
and form a buried layer below the Si surface. SRIM distribution profile of the implanted Ni* ions
and the Si vacancy generation for 10 keV Ni* ions bombardment on Si surface at normal
incidence is shown in Figures 4.2 (a) and (b), respectively. The FWHM of the implanted Ni ions
distribution is 13 nm (Fig. 4.2 (a)). SRIM calculation found about 279 Si vacancies per Ni
projectile ion impact. The Si vacancy profile is shown in Fig. 4.2 (b) where an estimation of

amorphous Si layer including the buried silicide layer is about 25 nm.
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Figure 4.2: Distribution profile of (a) implanted Ni atoms and (b) Si vacancy due to 10 keV Ni
ion bombardment on Si at normal incidence ( TRIM simulation); (c) Cross-sectional TEM view

of 10 keV Ni™ ion implanted Si(100).

Cross-Sectional Transmission Electron Microscopy (XTEM) image of the 10 keV Ni" ion
implanted Si is shown in Figure 4.2 (c). It indicates that the buried layer of Ni is formed below
the Si surface, and Si (100) surface has lost its crystalline nature due to the ion bombardment.
The Nickel atoms are implanted near the surface, and a layer of width about 14 + 1 nm is
formed, which are consistent with the SRIM calculation. The amorphous layer including the
buried layer is observed about 23 + 2 nm. The implanted Ni atoms in the Si matrix are mapped
by the drift corrected energy dispersive X-ray (EDX) spectroscopy, and the images are shown in
Figure 4.3. Figure 4.3 (a) is a cross-sectional scanning TEM (STEM) high angle annular dark-
field (HAADF) image. STEM-HAADF, Si-K, Ni-K, and overlay map of Si and Ni, generated
from area 1 as shown in Fig. 4.3 (a), are presented in Fig. 4.3 (b). X-ray line profile along line 2

as shown in Fig. 4.3 (a) is shown in Fig. 4.3 (c).
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Figure 4.3: (a) cross-sectional scanning TEM (STEM) high angle annular dark-field (HAADF)
image, (b) STEM-HAADF, Si-K, Ni-K and overlay map of Si and Ni, generated from area 1 of

(@), (c) Si—K and Ni-K X-ray line profiles along the line 2 of (a).

The EDX measurement of implanted Ni atoms distribution could not give chemical
nature of implanted Ni within the Si matrix. Spatially resolved Electron Energy Loss
Spectroscopy measurements are taken at the marked positions of Ni implanted Si substrate
(Figure 4.4). Low-loss (Plasmon) spectra at the marked position of Figure 4.4 (a) are shown in
Figure 4.4 (b). Position 1 is the crystalline Si, position 2 is at the boundary, and position 3 is in
the middle of the buried layer. The plasmon peak at 16.8 eV represents the crystalline Si.
Plasmon peak for position 2 is also observed at 16.8 eV, however the width of the line is
broadened, which indicates that the zone 2 is Si, but got amorphized. Plasmon peak for the
middle of the implanted buried layer (position 3) is shifted and appears at 22 eV. It indicates that
the buried layer is a Ni,Si. Verleysen et al. [123] observed the plasmon peak at 19.7, 20.4, and
21.8 for NiSiy, NiSi, and Ni,Si, respectively. The plasmon energy loss peak arises due to the
energy loss of the transmitted electrons at each scattering event by creation of plasmon. The
plasmon loss peak depends on the valence electron and dielectric properties of the specimen
[124]. In the present experiment, the shift of Si plasmon loss peak from 16.8 to 22 eV confirms
the formation of Ni,Si. Ni-L2,3 core-loss peak (855 eV for pure Ni) is also monitored at the
position of the Ni implanted Si sample (point 4 of Fig 4.4(a)). The core-loss spectrum is shown

in Figure 4.4 (c) which confirms the presence of Ni in the buried layer and ensuring silicidation.
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Figure 4.4: Cross-sectional STEM-HAADF and EELS spectra showing Nickel silicide formation
during 10 keV Ni* ion bombardment on Si (a) Cross sectional STEM-HAADF image for ion
fluence of 1x10%" ions/cm?, (b) Low- loss spectra at t positions 1, 2 ,3 of (a) , (c) Core-loss

spectra at Ni-L2,3-edge at position 4 of (a).

To confirm the Ni,Si formation by ion implantation, Grazing Incidence X-ray Diffraction
(GIXRD) pattern of the 10 keV Ni* implanted Si sample is obtained. The results of GIXRD
measurements are shown in Figure 4.5. A weak peak of Ni,Si (200) is observed, but no other
phases are noticed. The presence of Ni, Si phase is consistence with the EELS measurement.
Dasgupta et al. [125] reported the presence of different phases of Nickel silicides when nanowire
arrays were fabricated by thermal decomposition of silane on Ni foil and transferred on the glass
slides for low back ground X—ray diffraction measurements. Priyadarshini el. [126] found a weak

peak of Ni,Si (002) for magnetron sputtered deposited Ni film on Si substrate. In the present
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case, both EELS and GIXRD measurement indicate the Ni,Si layer formation due to 10 keV Ni

ion implantation on Si(100).
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Figure 4.5: GIXRD spectra of Ni implanted Si samples.
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Figure 4.6: Reflectance data showing a decrease in reflectance from bare Si, to Ni implanted Si.
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It is reported that metal silicide, in particular, nickel silicide is thermally and electrically
stable and good absorber of solar light [118, 125, 127]. It is also demonstrated that the photo
absorption is remarkably enhanced in the visible and infrared range for the NiSi, embedded a-Si
compared to a-Si [118, 128]. Further, the enhancement is maximum when the embedded
nanoclusters form a continuous layer. Catchpole et al. [113] showed further that the particle
shape is a critical parameter for plasmon enhanced light trapping, cylindrical and hemispherical

particles are much more efficient than spherical particles.

To measure the absorption of light by this nanopatterned and Nickel silicide embedded
Si, we took the reflectance spectra of bare Si and 10 keV Ni ion-bombarded Si samples. The
reflectance data is shown in Figure 4.6. The bare Si is highly reflective with a reflectance from
60 to 90% in the wavelength range of 200 to 800 nm. The reflectance is reduced to 9 to 40% in
the same wavelength range for Ni impanted patterned Si sample. The absorption of light is
maximum (93%) in the wavelength range 200 to 450 nm. The enhancement in this zone may be
due to plasmonic absorption by Ni,Si layer. Recently, similar enhancement is reported for Nickel
Silicide nanoparticles in amorphous Si [128]. Dasgupta et al. reported fabrication of single
crystalline, high conductivity NixSi nanowires on Ni foil for antireflecting bottom electrode for
photovoltaics. It is also reported that addition of plasmon active NiySi enhances the absorption
ability of a-Si [118, 128]. Plasmon induced resonance energy transfer and direct electron transfer
from plasmon to a semiconductor can absorb the solar photon beyond the bandgap energy of the
semiconductor, thus, expand the solar spectrum available for energy harvesting. Li et al. [116]
demonstrated the energy flow between Ag nanocluster and Substrates by Electron Energy Loss

Spectroscopy.
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The present study shows that the addition of buried Ni,Si layer can be used as good anti
reflecting electrode as well as an intermediary between solar light and semiconductor for

plasmon induced resonance energy transfer and direct electron transfer from plasmon to Si.

4.1.4 Conclusion

The controlled incorporation of plasmon active buried layer adds an intermediary
between solar light and Si, thereby, opening a new way of increasing solar energy conversion by
Si solar cell. Low energy nickel ion implantation forms such controlled buried layer and
simultaneously modifies the surface with a regular pattern, which aids to absorb and trap more
light. The cumulative effects of crater structure formation and plasmon active buried layer
formation lead to increase the higher optical absorption in the visible range. However, the
surface morphology (carter formation) is less effective than buried layer for higher optical
absorption in this case. Another advantage of the present technique is that the Nickel silicide is
formed just by ion implantation, whereas annealing at 500° C and 800° C is required to form
silicide in the case of deposition of Si and Ni [118]. However, ion implantation induced damage
may deteriorate the performance of actual solar cells; therefore, annealing may be required for
curing the surface damage and better performance. For instance, the details of solar energy trap
and transfer to Si via the buried layer are unknown. The present study opens up a new way of
research and development on ion beam based minimum step low-cost solar device development
and investigation. We have performed the experiments with crystalline Si; however it becomes
amorphous at the very beginning of ion bombardment. Same experimental results are expected if

one starts the experiment with a-Si.
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4.2 Ripple pattern formation on Si by N* ion bombardment, optical and

wettability study of the patterned surfaces

4.2.1 Introduction

Low-energy ion beam sputtering (IBS) is a very important technique to fabricate nanoscale
periodic patterns on a large area solid surface. Such types of periodic structures are very useful in
the field of thin film growth, plasmonics, nanoscale magnetism, and catalyst [1-3]. Nano pattern
formation on Si surface is already reported for very low energy (0.5 -2 keV) inert ion
bombardment [129]. The study of ripple formation on Si by Nitrogen like reactive ion
bombardment is interesting in the energy range of 5-12 keV because of the mass analyzed pure

beam as well as higher sputtering yield compared to very low energy [41].

Besides the pattern formation on Si surface by ion beam irradiation, the study of the ion
modified Si surface for the photovoltaic purpose is very important. Recently, we have reported
that the optical absorption efficiency is increased in the metal ion implanted Si surface due to the
formation of plasmon active nickel silicide layer [42]. Similarly, it is also reported that the
presence of amorphous silicon nitride in solar cell increases the photovoltaic efficiency [130].
Silicon nitride top layer is used as anti-reflecting coating (ARC) in industrial silicon solar cells
and third generation solar cells [130]. The main advantage of making ARC and textured surface
is that it reduces the reflection of light on the front surface of silicon solar cell as well as
increases the photocurrent [130-132]. Usually, ARC and surface texturing are achieved on Si
surface by multi step processing [130-135]. Recently, it has been shown that the controlled

silicon nitride could also be formed by low energy nitrogen ion implantation on Si surface [41].
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Another important useful application of pattern formation is the tuning of wettability.
Wettability is a very important surface property of materials, particularly for the interaction of
the surface and biological substrates [136]. It can be controlled by changing surface chemical
composition, surface texturing and engineering. The untreated smooth Si surface has the
tendency to adsorb water i.e., hydrophilic in nature. So, the transformation of hydrophilic Si
surface to hydrophobic surface is important because the hydrophobic Si surface, which can be
used as a device, is safe from water and self-cleaning its surface. Therefore, the interest in
tailoring the wettability in a control way is highly demanding. To control the hydrophobicity, the
surface texturing is also important. Although there are several methods to control the
hydrophobicity [137], the ion bombardment technique has more advantage due to its precise
control in surface texturing and surface chemical change by varying ion beam parameters [24,
138-140]. The hydrophobicity is generally measured in terms of contact angle of water droplets
on the surface. It is defined as “the angle 6 made with three phase lines, solid, liquid, and vapor”.
The contact angle is directly related to the surface energy [141], if the surface energy decreases,
the contact angle increases and vice versa [24, 142]. It is also dependent on the surface chemical
composition, which can easily be controlled by ion bombardment [24, 140, 143]. According to
Wenzel [144], the contact angle is related to the roughness of the surface. It was observed that
not only the surface roughness but also the patterned surface and wavelength of the pattern
influence the wettability of the surface [139, 145]. Theoretically, the effect of surface
morphology on wettability was also reported many years ago [146]. So, the experimental
investigation of contact angle due to ion-induced patterned surface is very important due to its
potential application in chip devices, solar cell, etc. [146-149]. A very few works were reported

on the wettability study due to ion beam induced patterned Si surfaces (60 keV and 200 keV)

64



[138, 139] and mica surfaces (500 eV) [24, 142]. So far, in our knowledge, no study has been
initiated on medium energy (10 keV) ion-induced hydrophobicity tailoring on Si surfaces,
although we have recently reported the hydrophobicity study on mica surfaces by 12 keV Ar and
N bombardment [140].

Here, we will discuss about the pattern formation on Si surface by N bombardment at
different ion energy, and we will show that the wavelength and roughness of the ripple structure
depend on the shape and size of the collision cascade. The ripple wavelength is proportional to
the horizontal width of the collision cascade, whereas the roughness is proportional to the ion
penetration depth. Also, we have investigated optical measurement for N bombarded patterned
surfaces and observed that the optical absorption increases for patterned surface compared to the
pristine Si. The interesting study is the tuning of hydrophobicity on Si surfaces by varying ion
energy (5-12 keV). It has been observed that Ar bombardment cannot produce any surface
pattern as well as the surface chemical composition is not changed, whereas N bombardment
forms anisotropic ripple pattern and the surface chemical composition changes by forming
silicon nitride. Also, the surface rms roughness increases slightly in case of Ar bombarded Si
surfaces, but the rms roughness increases drastically for N bombarded surfaces. Due to textured
periodic wavelike pattern formation and chemical modification, the water contact angle increases
for all the N bombarded Si surfaces, and the hydrophilic Si surfaces transform to hydrophobic
surfaces, whereas the contact angle of Ar bombarded Si surface does not increase.

4.2.2 Experimental

The commercially available polished and cleaned Si (100) samples were bombarded with 5 keV

to 12 keV N* and Ar* ion beams at a constant fluence of 7 x 10'" ions/cm? at oblique angle 60°.
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The other measurement details of surface morphology and UV-Visible spectrophotometer are

already discussed in the previous section.

The sessile drop method used to calculate contact angle measurements were performed
by a standard contact angle goniometer (ramé-hart model 250, USA) with DROPimage
Advanced v2.4 software. We measured the contact angles of each samples at least on three
different spots. During measurements, the room temperature and relative humidity were 27°C
and 46%, respectively. The XPS of pristine and Ar & N bombarded Si surfaces have been
measured using an Omicron Multi-probe (Omicron Nano Technology, UK) ultrahigh vacuum
(UHV) system (base pressure ~ 5.0 x 10—10 mbar). A monochromatic Al Ka source is used to

provide photons of energy 1486.6 eV for XPS measurement.

4.2.3 Results and discussions

(a) Ripple pattern formation on Si by N* ion beam

Figure 4.7 shows the morphologies of 5-12 keV N" ion-irradiated Si (100) surfaces. The ripple
wavevectors are oriented along the ion beam direction i.e., the parallel type of ripple patterns
have been formed for oblique angle (60°) N* ion bombardment. The power spectral density
(PSD) with spatial frequency (k) along the projection of ion beam direction is shown in Figure
4.8. The ripple wavelengths for different energies are calculated from the peaks of PSD graph.
This type of periodic pattern formation can be explained by well-established Bradley and Harper
theory of ion sputtering [5]. To form periodic pattern on a solid surface, the necessary condition
is the generation of surface instability. For N bombarded Si surfaces, the silicon nitride is formed

at the interface of ion bombardment due to the reactiveness of N ion. The chemically formed
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inhomogeneous surface generates the instability due to the unequal sputtering of Si and its nitride

[41].

Figure 4.7: AFM images of (a) 5 keV, (b) 6 keV, (c)7 keV, (d) 8 keV, (e) 9 keV, (f) 10 keV and
(¢) 12 keV N+ bombarded Si surfaces at incidence angle 60° with ion fluence 7x10"" ions/cm?.

The arrow in the right corner indicates the ion beam direction.

The rms roughness (~ vertical dimension) of the ripple structures are calculated from the
AFM images using WSxM freeware [12]. We have also calculated the N* ion penetration depth
and horizontal width of collision cascade i.e., the lateral straggling in Si target for the energy 5-

12 keV using SRIM [11].
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Figure 4.8: The power spectral density (PSD) function for all the ion energies with wavevector

(k) along the projection of ion beam direction.
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Figure 4.9 shows the variation of ripple wavelength (1), lateral straggling of the collision
cascade (B) of N* ion in Si, rms roughness (w), and ion penetration depth (a) with ion energy
(E). It is found that the ripple wavelength and surface roughness increase almost linearly with ion
energy (Fig. 4.9). The wavelength of the ripple is increasing with ion energy with coarsening
exponent m = 0.82. A linear fit to the experimental wavelength vs. energy shows the scaling
behavior as A ~E™ with m = 0.82. The fitting of horizontal width of collision cascade (8) with
energy yields m = 0.81. B. Khang et al. [120] reported that the wavelength of the developed
periodic patterns would be proportional to the horizontal width of the collision cascade (B). Our
experimental data is consistent with this prediction. In case of roughness vs. energy fitting, we
get the relation W ~ E™ with n = 0.85. The plot of ion penetration depth with energy gives the
power n = 0.84. Thus, the increase of rms roughness (vertical dimension of the ripple) is linearly
proportional to the ion penetration depth. So the ripple wavelength and rms roughness of the
surface increase with ion energy. Also, the theoretically calculated lateral straggling and ion
penetration depth of the collision cascade are directly correlated with experimentally observed
ripple wavelength and surface rms roughness. This study will help the theoretical understanding

of pattern formation by energetic ion bombardment.
(b) Optical study of N bombarded Si surface

The N* bombardment on Si surface leads to form the silicon nitride on the surface due to the
reactiveness of N atoms. The formation of nitride was confirmed by Electron Energy Loss
Spectroscopy and X-ray photoelectron spectroscopy [41, 150]. We will also show the silicon

nitride formation by N bombardment in the next section.
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Figure 4.10: (a) Schematic of N* ion beam implantation on Si surface and (b) 7 keV, 8 keV N*

ions distribution in Si calculated from TRIM simulation.

Figure 4.10 shows the schematic diagram of ion beam implantation and the distribution
of implanted ions. Figure 4.10 (a) depicts the schematic of energetic ions (7 and 8 keV)
bombarding at oblique angle 60° on Si surface. Figure 4.10 (b) presents the distribution of
implanted N* ions in the Si with depth. It is observed that the average penetration depth is 14 nm,
16 nm, and average width is 23 nm, 25 nm for ion energy 7 keV, 8 keV, respectively. The
implanted Nitrogen atoms react with the Si and form a silicon nitrite layer of thickness
equivalent to the ion penetration depth. Many researchers made the amorphous silicon nitride
films by deposition, which is used as antireflective coating (ARC), thereby it increases the
photocurrent and hence its photovoltaic efficiency [130-133]. To make textured amorphous Si
surface, we have used ion beam implantation. Also, the effective surface area increases for the
textured and roughed surface. The ripple patterned Si surface is a suitable for textured and

roughed surface. The AFM images of pristine or bare Si and 8 keVV N bombarded Si surfaces are
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shown in Figure 4.11. The effective surface area after ion implantation is increased ~ 5%

compared to the bare Si.

(a)

Surface area : 25.006 um?

Figure 4.11: AFM images of (a) pristine or Bare Si (100) and (b) 8 keV N bombarded Si surface

showing the increase in surface area.

To study the optical absorption of N implanted nano ripple patterned Si surfaces, we
measured the reflectance of bare Si, 7 keV, and 8 keV N bombarded Si surfaces in the
wavelength range 200 nm to 850 nm by UV visible spectrophotometer. The reflectance data of
bare Si and N bombarded Si are shown in Figure 4.12. The variation of absorbance of N
implanted Si surfaces and bare Si is discussed for different wavelength values. For the
wavelength 200 nm, the absorbance of bare Si is 15%, whereas for 7 keV and 8 keV N* ions
implanted Si surface, the absorbance increases to 60% and 80 %, respectively. For the
wavelength 400 nm the absorbance of bare Si is 35%, whereas for 7 keV and 8 keV N* ions
implanted Si surfaces, the absorbance increases to 75% and 88%. The absorbance of bare Si, 7
keV and 8 keV N implanted Si is 62%, 84% and 90% for wavelength 600 nm, and for

wavelength 800 nm, these values are 74%, 87% and 92%, respectively.
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Figure 4.12: Absorption data of bare Si and 7 keV, 8 keV N bombarded Si samples showing an
increase in absorption from bare Si, to N implanted Si. In the experiment the reflectance was
measured. As the Si sample is opaque, no light was transmitted through it. The absorption is

calculated by subtracting the reflected light from the incident light.

From the variation of absorbance, we can conclude that the optical absorption is
increased from bare Si to N implanted Si surfaces. The increase in optical absorption means the
decrease in optical reflection. Thus, the N implanted Si surfaces can be used as ARC due to its
low reflectivity. Similar reduction of reflectivity for glass/ZnO substrate with SiN, and without
SiNy layer was reported where the reflectivity was decreased by 1.6 % for glass/ZnO substrate in
the presence of SiNy layer in the wavelength range 400 — 800 nm [132]. In the present case, the
enhancement of optical absorption of ion bombarded Si surfaces may be due to the presence of
silicon nitride ARC and nano textured surface. The increase of light absorption can also be
explained in terms of surface roughness. For the bare Si surface, the rms roughness is 0.11 [42],

which is atomically flat, but for N bombarded Si surface, the rms roughness varies 6 nm to 12
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nm for the energy 5 — 12 keV. The flat surface reflects the light more than it absorbs on the
surface, whereas for the highly roughed surface, the light is trapped and gets multiple reflection,

so the reflection is less than that of atomically flat surface.

The enhancement of light absorption efficiency on Si surfaces by a single step ion beam
irradiation has been studied here. This type of study helps us to develop highly absorptive
surface, which is essential for photovoltaic devices and microelectronics. Another advantage of
the present study is that the optical band gap can be controlled by the ion beam parameters, and
the implanted Si surface can be used as antireflective coating (ARC), which is useful for solar

cell.

(¢) Tuning of hydrophobicity of Si surfaces by low energy ion beam induced

nanopatterning

The tuning of hydrophobicity is studied for two types of ion bombardment, one is chemically
active N* ion which forms well defined ripple pattern (Figure 4.7) on Si surface, and another is
inert Ar* ion, which cannot form well defined ripple pattern. The AFM images for 5, 8 and 10
keV Ar bombarded Si surfaces at oblique ion incidence 60° with the surface normal with ion
fluence 7x10'" ions/cm? are shown in Figure 4.13, which illustrates the absence of any well-
defined pattern formation. The absence of pattern formation on Si surface by Ar" ion
bombardment at this ion energy i.e., 5-12 keV in the present case was also observed earlier [40,

41, 151].
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Figure 4.13: AFM images of (a) 5, (b) 8 and (c) 10 keV Ar bombarded Si surfaces at an oblique
ion incidence 60° with the surface normal with ion fluence 7x10" ions/cm?. The arrow in the

right corner of each AFM image indicates the ion beam direction.

Wettability of the surface is measured in terms of contact angle with water droplet. Figure
4.14 (a) shows the schematic diagram of the water contact angle on a patterned surface. The
images of water droplets on pristine Si, 5 keV Ar bombarded, and 5 keV N bombarded Si
surfaces are shown in Figures 4.14 (b-d). The contact angle has been found to be 74° for pristine
Si i.e., hydrophilic surface. Garg et al. also reported the contact angle of pristine Si surface close
to 75° [138]. The Ar bombarded Si surfaces also show contact angle < 75°, whereas the N
bombarded Si surfaces show the contact angle > 90°, which suggests the transformation of a
hydrophilic to hydrophobic surface. The contact angle for all the samples was recorded after 10
minutes when it was stabilized. The stabilization of contact angle with time is shown in Figure
4.15 (a) for 10 keV N bombarded Si surface. Figure 4.15 (b) shows the contact angle and rms
roughness vs. incident ion energy (5 — 12 keV Ar). The contact angle remains almost same as
pristine Si surface, and rms roughness increases very slowly with ion energy. In case of N
bombarded Si surface, both the contact angle and rms roughness increase with ion energy as

shown in Figure 4.15 (c).
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Figure 4.14: (a) Schematic diagram of water droplet on rippled Si surface. The water droplet on
(b) pristine Si, (c) 5 keV Ar bombarded and (d) 5 keV N bombarded Si surface showing the

contact angle
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Figure 4.15: (a) Contact angle of 10 keV N bombarded Si surfaces with time. (b) Contact angle
and rms roughness of pristine Si and Ar bombarded Si surfaces. (c) Contact angle and rms

roughness of N bombarded Si surfaces with ion energy.

The contact angle of a surface depends on the surface energy [152]. If the surface energy of a
surface decreases then the water contact angle on the surface increases [24, 138, 140]. Wenzel
introduced the effects of roughness on contact angle and gave a formula as

cos O = r cos O
where r is called as roughness factor defined as the ratio of average area to the projected area. 6y
and 6, are the contact angle of water droplet with rough surface and flat surface, respectively.
The value of r is always greater than 1 for rough surface, so for 8> 90°, 8 increases, but for
0r< 90°, it decreases. So, according to the Wenzel, with increasing surface roughness, the
hydrophobic surface will be more hydrophobic and hydrophilic surface will be more hydrophilic.
This equation cannot explain the transition of hydrophilic to a hydrophobic surface. The N
bombarded Si surfaces follow the Wenzel equation as with increasing roughness with ion energy,
the contact angle also increases. For Ar bombarded Si surfaces, the contact angle decreases
slightly with 1on energy as the contact angle for 5 keV Ar bombarded surface is less than 90°.
Although the decrease of contact angle is very small as well as the rms roughness also increases
slightly as shown in Fig. 4.15 (b). Garg et al. reported the increase of contact angle by 60 keV
Ar" ion bombardment on Si surface [138]. They explained the increase of contact angle on the
basis of surface amorphization after ion bombardment. The amorphization leads to decrease of
surface energy and hence increase its contact angle, but it was also shown that contact angle of Si

surfaces reduced due to 200 keV Ar" ion bombardment [139]. In this ion energy (200 keV), the
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surface can be totally amorphized and decrease the surface energy, hence contact angle should
increase after ion bombardment. So, the amorphization is not the only parameter to explain the
increase of contact angle, the surface chemistry and surface roughness are also important
parameters for tailoring the contact angle.

The contact angle can be correlated with the ion beam parameters. The wavelength of
ripple pattern for N bombarded Si surfaces increases with ion energy as shown in the previous
section (Fig 4.9 a). So, the contact angle also increases with ripple wavelength. We have
previously shown (Fig. 4.9) that the ripple wavelength and rms roughness increase linearly with
the horizontal width of the collision cascade and ion penetration depth i.e., vertical dimension of
collision cascade, respectively. So, the contact angle can be correlated to the theoretically
calculated horizontal width of collision and ion penetration depth, and contact angle increases
with both horizontal width of collision and penetration depth, as contact angle increases with ion
energy. This was also previously observed that wavelength of the pattern surface has a great
influence on wettability [139, 145]. The roughness of the surface pattern also play a vital role on
hydrophobicity [153], textured and rough surface are water repellent like plant surfaces (lotus
leaves). It was also shown that Si surface shows superhydrophobic when rough and pattern are

formed on it [145].
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Figure 4.16: TRIM calculation of (a) N atoms distribution in Si for different energy, (b) Si
vacancy for N bombardment, (c) Ar atoms distribution in Si and (d) Si vacancy for Ar

bombardment at an incidence angle 60° with different ion energy.

As Wenzel equation cannot explain the transition from hydrophilic to hydrophobic surface,
we have investigated the details of interface and chemical composition to explain this transition.
We have calculated TRIM [11] simulation to know the penetration depth and vacancy creation,
which are shown in Figure 4.16. The distribution of 5, 10, and 12 keVV N and Ar atoms on Si as
well as vacancy of Si due to ion bombardment are shown in Figures 4.16 (a-d). It is clear from
Figures that N ions penetrate more depth than Ar ions; also the N ions create more Si vacancies.
However, this will not affect the contact angle, as it is a near surface phenomenon. The TRIM

estimation is consistent with previously done cross-sectional Transmission Electron Microscopy
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(TEM) measurement for 12 keV Ar and N bombardment on Si surfaces at ion fluence 7x10*
ions/cm? [41]. The cross sectional view of 12 keV Ar and N bombarded Si surfaces is shown in
Figure 4.17. The wave like nature of the surface is also reflected from cross sectional TEM
image for N bombarded Si surface, and for Ar bombarded Si surface, no such pattern is formed.

From TEM images, we can see that both the surfaces become amorphous at this ion energy.

We have performed XPS measurements to investigate the change of surface chemistry due to
ion bombardment. The high-resolution XPS of Si 2p spectra for pristine Si as well as 10 keV Ar
& N bombarded Si surfaces are shown in Figure 4.18. The XPS of pristine Si and Ar bombarded
Si (Figs. 4.18 a & b) surfaces show Si peak and native oxide peak which is absorbed from
environment, but N bombardment changes its chemical nature by forming silicon nitride (SizN.)
as shown in Figure 4.18 (c). The Ar bombarded Si surface shows no chemical alteration as clear
from Figure 4.18 (b). Si 2p peaks for pristine and Ar bombarded Si are best fitted by two peaks,
one elemental Si and another SiO,. Si 2p peak for N bombarded surface can be best fitted by two
Lorentzian- Gaussian peaks, one elemental Si (B.E ~ 99.4 £ 0.2eV) and another SisN4 (B.E ~
101.6 eV). From this Figure, we observe the decrease of elemental Si intensity for N
bombardment compared to pristine Si, and SizN4 peak intensity is high, which indicates most of
the Si reacts with N ions to create nitride. Our group also previously reported the SizN4 formation
due to N ion bombardment on Si by XPS [150] and Electron Energy Loss Spectroscopy (EELS)
measurement [41]. However, the silicon nitride is hydrophilic [154-156], but in the present case,
all the N bombarded Si surfaces show hydrophobic nature. This may be due to the surface

texturing, anisotropic ripple pattern, chemical modification, and also high rms roughness.
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Figure 4.17: Cross sectional TEM view of (a) 12 keV Ar and (b) 12 keV N bombarded Si surface

with ion fluence 7x10*" ions/cm? at an incidence angle 60° with the surface normal. [41]
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Figure 4.18: Si 2p high resolution XPS spectra for (a) pristine Si, (b) 10 keV Ar bombarded Si

surface and (c) 10 keV N bombarded showing Si3N4 formation.
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We have also calculated the surface area of N and Ar bombarded Si surfaces and found
that the surface area increases 5-8% for N bombarded surfaces, whereas for Ar bombarded
surfaces, negligible increase of surface area is observed. As the surface energy depends on the
surface area, the increase of surface area leads to decrease in surface energy; as a result the
contact angle of N bombarded surfaces increase. The XPS results show that the oxide layer exists
on both the pristine and Ar bombarded Si surfaces, but for N bombardment, the oxide layer is
sputtered away and SisN4 is formed. It was observed that the contact angle of Si increases after
the removal of oxide layer from Si surface [155]. Interestingly, we have formed silicon nitride on
Si surface by energetic ion bombardment, and the concentration of N is very less compared to
other conventional deposition methods. So, the hydrophilic nature of SizsN4 has not influenced
much on contact angle in case of N bombarded Si surfaces. Previously, we observed
hydrophobic surface of mica [140] where the SisN4 was also formed on the surface [143]. Silicon
nitride is a very useful material like it can be used as a good anti-reflective coating (ARC) as the
light absorption increases on its surface [39]. It has many other applications also like it can be
used as an interfacial surface between cells and large-scale integration devices, ion-sensitive
field-effect transistor technology [157]. So, the hydrophobic behavior of N bombarded Si

surfaces, where Si3N,4 presents, is very important for the technological application.

4.2.4 Conclusion

In summary, we have studied the ripple pattern formation on Si surfaces by 5-12 keV N* ion
bombardment. The theoretically calculated lateral straggling and ion penetration depth of the
collision cascade are proportional to the experimentally observed ripple wavelength and surface
rms roughness for N bombarded surfaces. The enhancement of optical absorption for N

bombarded Si surfaces is also observed due to the silicon nitride ARC formation and increase of
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surface area. This type of surface is useful in nanoelectronic devices and solar cell device. We
have also studied the pattern formation on Si surfaces by inert Ar* ion bombardment and
observed the absence of any pattern formation. We have modified the Si surface both physically
and chemically by forming well periodic anisotropic ripple pattern and silicon nitride layer by
reactive N* ion bombardment, whereas it is slightly physically modified by inert Ar*
bombardment.

Due to the periodic ripple pattern formation and high rms roughness, the water contact
angles of N bombarded Si surfaces increase with incident ion energy. However, the water contact
angle does not vary so much compared to pristine Si surface in case of Ar bombardment. The
contact angle variation with ion energy follows the Wenzel equation for both Ar & N bombarded
Si surfaces. The contact angles of N bombarded Si surfaces are well tuned and correlated with
ripple wavelength, theoretically horizontal and vertical dimension of collision cascade. In this

way, one can tailor the hydrophobicity of Si surface by reactive ion bombardment.
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Chapter 5

The modifications of muscovite mica surface by low energy ion bombardment

This chapter mainly describes the ripple pattern formation on muscovite mica like
multielemental surface. The periodic pattern formation mechanism has been described in terms
of existing continuum models as well as dynamic scaling theory. Mica [KAI,(SizAl)O10(OH);]
being a multielemental surface, its chemical composition can be well tuned by energetic ion
bombardment. The detailed surface chemical composition and several compounds formation
after two types of ion bombardment, one inert Ar* and another reactive N* ion, are discussed.
Also, the transformation of super hydrophilic mica surface to hydrophobic surface is presented

here.
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5.1 Dynamic scaling behavior of mica ripples produced by low energy Ar+

ion erosion

Muscovite mica is a naturally available having important property with good conductor of heat
but a poor conductor of electricity, it also possess high-dielectric properties. There are mainly
four types of mica (1) Muscovite, (2) Phlogopile, (3) Biotile, and (4) synthetic. The natural mica
minerals (1-3) are readily available and inexpensive. We chose muscovite mica because it is
transparent, flexible and thin sheet can be formed from it. This type of structure is also important
due to its layered structures consisting of negatively charged alumino-silicate sheets that are
bound to alternating layers of K" ions [24, 158] . The most important property of mica is that it
can be easily cleaved to get an atomically flat surface which is very suitable substrate for the
study of ion beam irradiation as well as biological substrate. Mica is used as a substrate in
scanning probe microscopy, biotechnology, and materials science [60, 159-163]. Recently, the
use of mica in bio-science has been increased enormously for its easily available atomically flat

smooth surface.

The presence of regular nano-pattern with controlled hydrophilic properties is highly
desired for various applications from supported lipid bilayer membrane, thin film deposition, to
synthesis of organic functional materials [164, 165]. The virgin mica is hydrophilic in nature
[24]. The change of hydrophilic nature of mica surface is very important for the study of
interactions between surface, bio membrane, and proteins [166, 167]. Although the research
work on muscovite mica is limited, the study on mica crystals is a great interest for more than
two decades by heavy ion irradiation [168]. F. Thibaudau et al. [168] observed the formation of

latent tracks in mica surface induced by swift Kr* ions. The nanoscale hillocks formation by
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highly charged ion on mica attracted more attention [169]. Recently, very low energy (eV) ion
beam induced nano patterning and hydrophobic nature of mica surface have been reported [24,
34]. Buzio et al. [170] also showed the ripple structure of the mica surface by 1.04 keV Ar” ion

sputtering at an incidence angle of 35°.

Low energy ion sputtering is well known as a single step process for nanopatterning on a
large area surface. By varying ion incidence angle [171], ion, and target combination [34, 42,
80], different types of patterns like dot, rim/crater, ripple etc. can be formed on a wide range of
materials. To explain the nano-pattern formation, several continuum models are proposed, but
none can describe the experimental observations completely. As an alternative approach, we
have used the scaling theory to describe the nature of growth of the surface morphology with ion
fluence. In this approach, the surface roughness is measured as a function of time and system
size. From the variation of roughness and other functions, the exponents are calculated to
describe the growth of the surface. In recent years, the dynamic scaling behavior of thin film
growth by various deposition methods has been widely studied [95, 97, 99]. Also, the growth
dynamics of Si nanostructures by ion beam erosion has been investigated [2, 103], but a very few
study has been initiated for ion beam induced pattern formation on mica surface [34, 170, 172,
173]. Thus, the detailed study of the growth of interface dynamics of mica surface due to ion
beam erosion will explore better understanding of pattern evolution mechanism, which in one
hand will make further advancement of the theoretical models on ion beam induced pattern
formation phenomena on compound material surfaces, and in other hand will enrich the control

on ion erosion technique of pattern formation process.

Here, we have studied the morphological growth of ripple pattern on mica surface by 12

keV Ar* and N* ion bombardment at oblique angle incident 60° for various ion fluences. The
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surface morphologies of ion sputtered samples have been investigated by atomic force
microscopy (AFM). A detailed analysis of the dynamic scaling exponents as well as the
curvature dependent coefficients has been done in the context of dynamic scaling theory and
discussed within the framework of theoretical models related with lon Beam Sputtering (IBS)

induced pattern formation process.

Freshly cleaved mica sheet of approximate size 1 cm x 1 cm were irradiated by 12 keV
Ar" ions at oblique angle incidence 60° with respect to surface normal. The irradiation was done
in VECC by ECR ion source, the details of which have already discussed in the previous
chapters. The morphologies of the irradiated mica samples were investigated using Bruker
Atomic Force Microscopy (AFM), Multi-Mode V, in-house surface characterization facility of
VECC, Kolkata. The surface rms roughness, lateral correlation length, ripple wavelength, and
other statistical information of the surfaces were extracted from the AFM images using WSxM
freeware (version 5.0 Develop 4.1) [12]. We have taken AFM images of a sample at least at four
positions. The average values of surface rms roughness, correlation length, and ripple
wavelength are calculated from these AFM images. The error bars in the plots indicate the

standard deviation of the average value.

The curvature dependent erosive co-efficients, mass redistribution, and ion implantation
contributed terms for 12 keV Ar" ion-bombarded mica surfaces at 60° have been computed using
TRIM estimation [11]. The ion beam parameters, i.e., the average ion penetration depth (a;mp:)
= 24.8 nm, longitudinal width of the implanting ion distribution (o;,,,;) = 10.2 nm, and lateral
width of the implanting ion distribution ( p;mp;) = 7.9 nm for ion implantation contribution as

well as agpyee = 16 NM, Ogpye= 11.6 NM,  pgpyee = 5 nm for sputtering contribution from
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distribution of recoils atoms in curvature dependent coefficients are calculated using TRIM and
used to compute the curvature dependent coefficients. Considering the constituent elements and
their stoichiometric ratio in mica, the sputtering yield has been calculated from TRIM. The
average travel distance (&) of recoil atoms for calculating the mass redistribution contribution is
estimated by § = Np(di — dy) [66], where N, is the total number of displacement per ion and
dr (dy) denotes the mean depth of recoils (vacancies). Both Ny and dy (dy) are calculated from

TRIM.

Figures 5.1 (a)-(h) show a series of AFM images of virgin mica and 12 keV Ar" ion-
bombarded mica surfaces for ion fluences ranges from 2x10%" to 1x10'® ions.cm™. From AFM
morphology, it is observed that the virgin mica is flat with very low roughness ~ 0.7 nm. After
the bombardment, the one-dimensional patterns with alternate descending and ascending step,
called ripples, are formed. Similar ripple pattern formation on mica surface by lower energy (500
eV) Ar" ion bombardment was also reported earlier [34]. The inset of the AFM images is the
Fast Fourier Transform (FFT) images, which show that the ripple wavevector is oriented parallel
to the ion beam direction. The surface does not show any periodic pattern up to fluence 2 x 1017
ions.cm™ and above which the patterns are observed, which can be considered as a threshold
fluence of ripple formation for 12 keV Ar* ion and mica combination at incident angle 60°. The
evolution of ripples due to energetic ion bombardment has been explained by various continuum
models [5, 6, 8, 26, 27, 54, 63, 64, 77, 174-176]. The first idea was introduced by Bradley and
Harper in 1988 [5], well-known as linear BH theory, where the generation of ion beam induced
surface instability relies on the competition process between surface roughening via surface
geometry and incident angle dependent sputter erosion and surface smoothening via thermally

activated surface self-diffusion. During simultaneous play of smoothening and roughening
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processes, a Fourier mode whose amplitude most rapidly grows over the other wavelengths

finally dominates ripple morphology on the surface.
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Figure 5.1: AFM morphologies of (a) virgin mica, 12 kV Ar* bombarded mica surfaces with ion

fluences (b) 2x10%, (c) 3x10", (d) 5x10", (e) 6x10, (f) 8x10", (g) 9x10", and (h) 1x10®

-1 -1
ions.cm™ at 60° with the surface normal. The FFTs (50 um  x 50 um ) are shown in the corner

of each AFM images. The arrow indicates the ion beam direction.

The ripple patterns are formed on the ion bombarded surface due to the generation of
surface instabilities [8, 27, 41]. The instabilities are generated during ion bombardment due to
initial perturbation on the surface [70], presence of contamination [20], unequal sputtering [41],
redistribution of surface atoms [8, 174], and local curvature dependent sputtering [5]. In the

present case, mica [KAI,(SizAl)O10(OH),] is a multi-elemental compound. When the ion beams
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are bombarded on crystalline mica, it loses its crystalline property as well as sputters the
different elements of mica at different rate; the sputtering of all the surface elements generates
the additional roughening instability. BH theory successfully explains the evolution of ripples at
oblique ion incidences, their orthogonal rotation after a certain incident angle, the exponential
increase of ripple amplitude, and constant ripple wavelength for initial increase of ion sputtering
time etc. Although, this theory falls short to explain phenomena, especially observed for long
sputtering time like saturation of ripple amplitude, ripple coarsening etc. These inadequacies
have been recovered by Makeev et al. [27] by adding some non-linear terms in BH theory, which
physically signify the slope dependence of local erosion yield. BH theory also fails to predict one
of the most observed experimental phenomena [7] i.e., non-zero critical angle (8,) for pattern
formation, since it predicts pattern formation for arbitrary incident angles including normal
incidence. Thus, an effort to find critical angle (6,) of pattern formation for present experimental
condition is worthy to understand the ripple formation mechanism as its non-zero value overrides
the description of BH theory. For this purpose, we have performed the irradiation at other
incident angles i.e., 30° 40° and 50° also. Although, we found the initiation of ripple pattern
formation started from 50° (AFM image of this sample is not shown), but well-defined periodic
ripples evolved around 60°. So, the critical angle (6.) of ripple pattern formation for present
experimental condition, i.e., 12 keV Ar" ion irradiation on mica surface is found non-zero and

can be considered around 50°.

The occurrence of smooth or flat surface below the critical angle of pattern formation was
first explained by Carter and Vishnyakov [8]. Here, the projection of flux, contributed by the
remaining atoms on surface displaced by the collision cascade, along the ion beam direction is

considered to generate a curvature-dependent smoothing term. The wave number dependence of
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which is found similar to the roughening term in the BH theory but in stabilizing manner, and
therefore accounts smooth surface at near-normal incidence of ion irradiation. This mass
redistribution phenomenon is reported later, experimentally by Madi et al. [174] and theoretically
via molecular-dynamics simulations by Norris et al. [63] as dominant mechanism for the
evolution of smooth surfaces at near normal incidences as well as also for parallel mode ripple
pattern formation at low energy (~1 keV) ion regime. Recently, this is also found relevant for the
subsequent rotated mode ripple formation at far grazing incidences [73]. In another recent report
by Garcia et al. [50], this mass-redistribution effect is described as surface confined viscous flow
(in mesoscopic scale) driven by ion-beam induced residual stress [64, 65, 177, 178] and is found
again as major process behind pattern formation mechanism even in MeV ion range, reinforced
by the ion-implantation effect rather than curvature dependent ion erosion. Their developed
continuum model considers the effects of sputtering, mass redistribution, and ion implantation
where the parameters are estimated under a binary-collision approximation. Binary collision
mostly happens when the stopping power is ruled by the elastic contributions. This dominance is
generally observed for the pattern formation by low-energy (~ keV) ion bombardment and is true
in the present case also. Thus, considering the continuum model given by Garcia et al. [50], the
temporal evolution of height field h(X, y, t) on substrate surface due to ion irradiation can be

numerically approximated by the linear equation as

10h d%h 9%h 4
752 Cllﬁ-l_czza_yz_KVh (51)

where J denotes ion flux, and K accounts the co-efficient for surface relaxation contribution such
as thermally activated surface diffusion (TSD) [5], ion-enhanced viscous flow (IVF) [177, 179,

180] etc. From the literature, one can find the expressions of C;; and C,, details of which are
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discussed later on. During oblique incidence ion irradiation (6 > 6.), irrespective of the
smoothing mechanism, the ripple alignment along the direction, x or y i.e., parallel or
perpendicular to the ion beam direction, is determined by the coefficient C;; or C,,, which

being negative has a larger absolute value [7, 102].

To have insight into the ripple formation mechanism, we now analyse the two co-
efficients C;;and C,,in detail [50], which relay the physical processes responsible for the

pattern formation and can be expressed as
Cii = Cii sputt + Cii cv + Cii impl, | = 1, 2. (52)

where the terms on the right-hand side of equation (2) correspond to sputtering [122, 181], mass

redistribution [8, 66, 73, 174, 181], and ion implantation[93], respectively. To have an
approximate quantitative idea [50], one can estimate C;; **"" ~ YoQagpue [122, 181], c; V=
06 [66, 174], and C;; impl ~ 0 Oimpl Himpl ai‘n}pl [93] for present irradiation condition at normal
incidence, where Y, is the average sputtering yield of a flat surface at normal incidence, 2 is the
substrate atomic volume, aspue ( aimp1) is the average depth for energy deposition
(implantation), oimp1 ( 4impr) is the corresponding longitudinal (lateral) straggling length, and &
is the average travel distance of the recoil atoms. All the terms are estimated by TRIM

calculation for the present experimental condition i.e., 12 keV Ar" ion irradiation on mica. The

detailed values of all the terms, calculated from TRIM, have been discussed in the beginning of
this section. We obtain the values of different contribution as C; SP"* = 0.21 nm*, ¢;¢V =
0.576 nm*, and C;; impl ~ 0.048 nm* where one can clearly find the contribution of implantation
is negligible. We have calculated C;; SP"*,c; €V, and C; for whole range of ion incidence angle,

and plotted in Figures 5.2 (a) & (b). The negative value of C;; is found to be contributed by
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€1, ¢V, which signifies that the formation of parallel mode ripple pattern for present case of 12
keV ion bombardment is dominated by mass redistribution rather than ion erosion. The
appearance of the critical angle (6,) of pattern formation is around 43°, which is close to our
experimentally observed value 50°. Also, the observation of the appearance of x-direction
ripples at 60° for all the ion fluences in our case indicates that —C;; should dominate over than
—C,, at that particular incidence angle. This scenario i.e., the evolution of parallel mode ripples
at oblique incidence on mica surface is found consistent with previous reports [170]. Metya et al.
[34] observed parallel mode ripples by 500 eV Ar” ion irradiation on mica in the angle window
47-70°, whereas Buzio et al. [170] found it at an incidence angle of 35° by 1.04 keV Ar" ion

sputtering. A comparison table about all work done on mica ripple is shown in Table 5.1.
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Figure 5.2: Dependence of (a) C1; and (b) C,, in Eq. (5.2) with ion incidence angle, using the

parameters calculated from TRIM.
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Table 5.1: Parallel mode ripple pattern on mica for different energy

lon species Angle of RMS roughness Ripple wavelength Ref.
incidence (degree) (nm) (nm)
25eV Ar’ 40° —70° 0.32-8.28 58.76 — 60.35 [173]
50 eV Ar’ 40° —-70° 1.22 -5.08 32.84 —59.17 [173]
100 eV Ar* 40° -70° 0.19-5.26 39.56 —42.12 [173]
500 eV Ar* 50° - 70° 01-1 25-35 [34]
1.04 keV Ar* 35° 05-15 40 — 140 [170]
12 keV Ar* 60° 7.06 - 12.58 120 - 165 present result

For deeper understanding of the dynamics of ripple formation in this energy regime (12
keV), the quantitative information of amplitude and wavelength is useful. The wavelengths (A)
of the observed ripples are estimated from the position of first peak of their corresponding one-
dimensional power spectral density measurements. The variation of wavelengths (A) with ion
fluence is shown in Figure 5.3. For initial ion fluences up to 6x10%" ions.cm™, A is found to
increase very slowly from 120 nm to 130 nm, and after that it shows a rapid coarsening with the
exponent n = 0.43 £ 0.04. The observed fluence independence of wavelength up to fluence
6x10"" ions.cm™ agrees with the linear behavior, whereas coarsening at sufficiently high fluence

could be explained by the nonlinear behavior as described by Garcia et al. [175].
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Figure 5.3: Log — log variation of ripple wavelength with ion fluence showing ripple coarsening

at high fluence.

In order to get details of dynamic scaling behavior of ripple growth by ion beam induced
erosion process, the rms roughness (W) and correlation length along the ripple wave vector
direction (¢,) and perpendicular to the ripple wave vector (&,) are extracted from the
corresponding AFM images and are plotted in Figures 5.4 (a), (b), and (c), respectively. With the
increase of ion fluence, the surface roughness is found to increase (Figure 5.4 a) with the growth
exponent f = 0.51 £ 0.04. This value of growth exponent is found nearly similar to the
previously reported S value of the ripple growth on silica by 800 eV Ar" ion incidence at 60°
[182]. The increasing nature of roughness with fluence indicates the roughening behavior of
ripples. On the other hand, the correlation length along ripple wave vector direction shows
monotonic increase with the dynamic exponent (1/z,) = 0.42 + 0.07, which indicates the lateral
growth of the ripple along the wave vector direction with ion fluence. Again, Figure 5.4 (c)
shows the increase of perpendicular correlation length (&) with the dynamic exponent (1/zy) =

0.34 + 0.09 with increase of ion fluence.
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Figure 5.4: Variation of (a) interface width (rms roughness) with ion fluence, (b) correlation
length along the ripple wave vector direction and (c) correlation length perpendicular to the

ripple wave vector direction with ion fluence.

However, this increase is little slower than that of lateral correlation length. From the roughness
variation (Figure 5.4a), it is clear that the morphology has not saturated even after high fluence.
To quantify the competition between lateral and vertical growth, we have plotted W versus &, for
all the fluences, which is shown in Figure 5.5. From the scaling laws of W and &, with fluence
[110], one can easily derive the relation W ~ &, where y = 5/(1/z,) =a,. The value of y is
calculated from the linear fit of Figure 5.5, which is 1.22 + 0.09 and found nearly equal to a,
(1.25) within error bar as found from the power spectral density. The observed value of y > 1
indicates the faster vertical growth than its lateral growth i.e., surface roughening is dominating
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the surface smoothening during the ion bombardment. Similar faster vertical growth was
observed during the growth of cobalt phthalocyanine (CoPc) thin films on Si (001) surfaces with

deposition time [100].

Slope, y=1.22+0.09

45 50 55 60 65 70
g (nm)

Figure 5.5: Log — log variation of interface width (W) with lateral correlation length (&).

In order to explore the further scaling behavior of the present system, the PSD functions
for different ion fluences are calculated in the direction parallel Sy(ky) and normal Sy(ky) to the ion
beam projection and are plotted in Figures 5.6 (a) and 5.6 (b), respectively. The structure factors
Sx(kx) along the ion beam direction as shown in Figure 5.6 (a) show a peak in the curve at the
spatial frequency k, corresponding to the wavelength A of the ripple pattern about which we
discussed earlier. For the large value of k, i.e., k, » k%, all the curves tend to coincide and
show power-law behavior S(k,) = k;(za"”) with same slope my = 3.5 £ 0.42. The peaks are
shifted towards the lower k, value with increasing fluence due to the ripple coarsening. For the
case of structure factor Sy(k,) normal to the ion beam direction, the curves also coincide at larger

value of ky with slope value my = 3.56 + 0.2.
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Figure 5.6: Structure factors Syy (kxy) in the direction (a) parallel and (b) normal to the ion

beam for mica at different fluences.

The rescaled structure factors S(k, t)k@**1) versus kt/Z for the different fluences are
plotted as shown in Figures 5.7 (a) and 5.7 (b). All the curves collapse in a single line, and the
average slope of the collapsed structure curves for low k, ,, is found equal to my = 3.5+ 0.18 and
my = 3.4 + 0.16 for the structure factor in the direction parallel and normal to the ion beam
projection, respectively. From these slope, we find the roughness exponent along parallel and
normal direction of ion beam, which are a, = 1.25 £ 0.09 and a, = 1.20 + 0.08. Comparable
result of roughness exponent was reported in the case of 16.7 keV 03 bombardments at 60° on Si
(100) surface [183]. A slight rounding of the structure factor for very high fluence (1x10%
ions.cm™) is observed. This might be due to the non-saturation morphology [2]. Vivo et al. [110]
introduced a term called degree of anisotropy ( determined from the ratio of two roughness

exponents a, and a,, . In our case, { is found marginally greater than 1, which indicates the weak
anisotropy of ripples. We have calculated the values of =% and 2 which are found to be 0.52

Zyx Zy

and 0.40. Incidentally, these ratios are close to the g value 0.51 within the error limit obtained

97



SX kx(2-1' W)
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Figure 5.7: Collapsed structure factor curves using the values of z, and zy calculated from the
slpoe of Figure 5.4 (b) & (c) in the direction (a) parallel and (b) normal to the ion beam for mica

at different fluences.

To observe the pattern formation on mica by relatively lighter ion, we have bombarded
the mica surfaces by 12 keV N ion beam at the same oblique angle of incidence (60°) for three
different fluences. The regular ripple patterns are observed (shown in Figure 5.8). The variation
of rms roughness and ripple wavelength with ion fluences are also shown in Figures 5.8(d) and
5.8(e), respectively. Both the rms roughness and ripple wavelength increase with the ion

fluences.
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Figure 5.8: AFM images of oblique incidence 12 keV N” irradiated mica surfaces with fluence
(a) 5x10%, (b) 7x10", (c) 1x10" ions.cm™. Variation of (d) roughness and (e) wavelength with
ion fluence. The FFTs (50 um™ x 50 um™) are shown in the corner of each AFM images. The

arrows indicate ion beam direction.

It is observed for both Ar and N bombardment that at higher fluence (Figs. 5.1 h and 5.8
b,c), the continuous ripples are broken and formed a pattern, which is a combination of dot and
ripple. The preferential sputtering of mica like compound target leads to the enrichment of
elements having lower sputtering yield. Our XPS measurement (Fig. 5.9), which is shown in the
next section, illustrates the enrichment of Si and Al compared to K and O. Such ripple breaking
at higher fluence may be due to higher enrichment of those elements. Instead of ripple, nanodot
formation on oblique ion sputtered InP surface was reported earlier [184]. Further, relatively
higher enrichment of Si is observed for nitrogen bombardment compared to argon. Therefore, we
found breaking of ripple structure at earlier fluence for nitrogen bombardment (Fig 5.8),

compared to Ar (Fig 5.1).
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In conclusion, we have investigated morphological evolution of mica ripples during
oblique incidence Ar* and N* ion sputtering for various ion fluences. Well-ordered parallel mode
anisotropic ripples are observed above certain ion fluence. With continuous ion bombardment,
the ripple wavelength and rms roughness increase with ion fluence. The formation mechanism of
ripples on mica like compound surface is explained by recently advanced continuum models of
ion beam sputtering, and the evolution dynamics is discussed in the context of dynamic scaling
exponents. The competition between lateral and vertical growth of the ripples has also been
highlighted, which will aid to produce wavelength and amplitude selected ripple structures on
mica. TRIM estimation via the continuum model equation (5.1) demonstrates the competition
among the curvature dependent sputtering, mass redistribution, and ion implantation. The
evolution of ripples for ion fluence range is found to determine by mass redistribution effect
rather that curvature dependent ion erosion instead of having apparently high sputter erosion of
materials due to ion irradiation with energy 12 keV. The energy range for the present case also

motivates for the future work on mica like other insulating substrate.

5.2 Hydrophobicity study and change of chemical nature on ion bombarded

mica surfaces

In the previous section, we have discussed about the ripple pattern formation on mica surface by
12 keV Ar and N bombardment. In this section we will discuss about the chemical change of
mica surface and the wettability due to ion bombardment. The surface chemical composition is
investigated in terms of X-ray photoelectron Spectroscopy (XPS). The XPS of virgin and
irradiated mica samples have been measured using an Omicron Multi-probe (Omicron Nano

Technology, UK) ultrahigh vacuum (UHV) system (base pressure ~ 5.0 x 10 *° mbar). A
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monochromatic Al K, source is used to provide photons of energy 1486.6 eV for XPS

measurement. The hydrophobicity is measured by water contact angle.

Figure 5.9 shows the schematic of crystalline mica structure, XPS spectra of virgin, 12
keV Ar*, and N* bombarded mica surfaces for ion fluence of 5x10*" ions/cm?. The chemical
composition of mica is [KAIy(SizAl)O10(OH),]. The X-ray photoelectron spectra (XPS) of
cleaved virgin mica show the presence of all the elements (Fig. 5.9 b). Buzio [170] et al. and
Bhattacharyya et al. [185] also showed the presence of all the elements on the virgin mica
surface. Mica being a multilayered and multi-elemental compound, the chemical composition of
mica is immensely changed due to keV ion bombardment. To observe the effect of post
bombardment by lighter ions (N*) and heavier ions (Ar"), the XPS spectra of mica surface after
the 12 keV Ar” and N* ion bombardment are recorded and also shown in Figure 5.9 (b). Different
elements of the mica surface are eroded at different sputtering rate during the ion bombardment.
The surface concentrations of all elements at atomic % for virgin as well as 12 keV N and Ar
bombarded mica surfaces are shown in Figure 5.9 (c). We have calculated the sputtering yield of
different elements of mica surface by the Monte Carlo code Transport of lons in Matter (TRIM)
considering the actual stoichiometric ratio of the elements (Figure 5.10). It is found that the
sputtering yield of K, Si, and Al are almost same, whereas it is higher for O. It is found (Figure
5.9) that K is decreased to 1% from 5% for both N* and Ar* ion bombardment. This is because K
atoms are arranged on the top of the surface of a freshly cleaved surface as well as stoichiometric
ratio of K is minimum (1:21) (Figure 5.9 a). Metya et al. [34] also showed the large depletion of
K even for low energy (500 eV) Ar* ion bombardment on mica surface. Keller et al. [24] showed
substantial erosion of K for only 25 eV Ar* ion bombardment. In the present case, most of the K

atoms from the upper surface are sputtered away due to higher energy (12 keV) ion
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Figure 5.9: (a) Schematic diagram of crystalline mica. (b) X-ray Photoelectron Spectra (XPS) of
virgin, 12 KeV N* and Ar* bombarded mica for ion fluence 5x10*" ions/cm?. (c) XPS survey scan
in C and K region. (d) Relative atomic concentrations in atomic percent (%) determined from

XPS survey scan (Fig. 5.9b).

bombardment. The sputtering yield of Al and Si is almost same as of K (Figure 5.10), however
because of higher stoichiometric ratio (3:21) in mica, relatively stronger peaks of both Al and Si
are observed in the XPS spectra after 12 keV Ar* or N* ion bombardment (Figure 5.9). Although
the sputtering of O is maximum, relatively intense O peak is observed for both the cases because
of highest stoichiometry (12:21) of oxygen in mica. We observe a weak C peak (~3%) in virgin
mica surface, whereas it is increased to 15 % and 18 % after N and Ar bombardment and

subsequent air exposure, respectively. Increase of C peak in ion bombarded mica surface was
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also observed before [24, 34, 170, 185]. This may be due to the large depletion of outermost K
and consequent enhancement of C adsorption centers by the reactive aluminosilicate. This results
in an adsorption of large amounts of hydrocarbons (HCs) from the environment. Similar
enhanced reactivity and adsorption of HCs were also shown for sub-eV ion bombardment [24].
In case of Ar" bombardment, the Ar peak is observed in XPS spectra (Figure 5.9 b). This
indicates that the Ar atoms are being trapped in the mica surface. Similarly, N peak is also
observed for N* bombarded mica, but the peak intensity is less because of deeper implantation of

lighter N ion in the mica.
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Figure 5.10: Sputtering yield calculation (TRIM) of different elements of mica for 12 keV Ar*

and N* ions bombardment at oblique angle (60°).
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Figure 5.11: (a) Schematic diagram of contact angle measurement. Droplets of water on (b)
virgin mica surface, (c) 12 keV Ar* irradiated mica with fluence 3x10" ions/cm,?and (d) 12 keV

N* irradiated mica surface with fluence 1x10® ions/cm?.

lon bombardment induced physicochemical changes modify the wetting properties of
mica surface. Figure 5.11 shows the contact angle measurements of virgin and ion beam
modified mica surfaces. The schematic diagram of contact angle measurement is shown in
Figure 5.11 (a). The images of the water droplets on virgin, Ar* and N* ions bombarded mica

surfaces are shown in the Figures 5.11 (b), (c), and (d), respectively
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Figure 5.12: (a) Contact angle measurement with time for 12 keV Ar™ bombarded mica surface
(fluence 9x10" ions/cm?). Contact angle variation with ion fluence for (b) 12 keV N* bombarded

and (c) 12 keV Ar" bombarded mica surfaces.

The contact angle for each surface has been recorded after the stabilization of the water
droplet. It is shown in Figure 5.12 (a) that the surface and droplet contact angle is stabilized
approximately after 5 minutes. The variation of contact angle with ion fluence for 12 keV N*and
Ar’ ion irradiated mica surfaces are shown in Figure 5.12 (b) and (c), respectively. The
hydrophilic virgin mica shows the contact angle ~5°. It is found that the contact angle increases

significantly at the initial stage of ion (N* or Ar") bombardment. The contact angle jumps to 82°
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for N* ions at fluence of 5x10*" ions/cm?. For continuous ion bombardment, the contact angle
increases slowly up to 91° (Figure 5.12 b). In case of Ar* ion bombardment, the contact angle
reaches to 104° at the lowest ion fluence (3x10' ions/cm?) and then slowly decreases to 94° with

the increase of ion fluence.

N* and Ar* ion bombardment induced hydrophilic to hydrophobic change of mica surface
is due to the chemical as well as physical change. The chemistry of the mica surface is modified
due to the different sputtering rate of the elements on the surface. Consequently, the physical
structure is also changed on the surface. With continuous ion bombardment, the ripple like
structure is formed on the surface. It was shown that the surface roughness of the microstructure
has a great influence on hydrophobicity [153], textured and rough surface shows water repelling
behavior like plant surfaces (lotus leaves). However, ion beam induced nano scale morphological
change is less effective than the surface chemical change to alter the wetting properties of mica
surface. In a crystalline bulk mica (Figure 5.9 a), negatively charged alumino silicate layers are
interconnected by positively charged K* ions. During cleaving alumino silicate layers are
separated due to weak ionic bonding via K* ions. The negative charge of the aluminosilicate
layer is due to the replacement of one of four Si** by a AI** ions. The layer of K is shared by two
cleaved surface, therefore, cleaved surface is expected to be covered by half mono layers of K,
which compensate the negative charge of the aluminosilicate layer [186]. However, K ions are
weakly bound and are also not ordered in a specific structure. The depletion and dis-orderness of
K" ions on the surface become the decisive parameter for absorption of carbogeneous gas from
the atmosphere and thereby wetting properties of the surface. Any depletion of K* ions makes
the underlying aluminosilicate layer charged and centers for C adsorption from the atmosphere

to form hydrocarbon (HC) layer by reacting carbonaceous gases (CO, CO,) with water [187,
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188]. The C adsorption on the mica surface leads to decrease the surface energy [1], and thereby
increases the contact angle with water droplet. 12 keV N* or Ar* ion bombardment on mica
removes most of the K atoms at very initial stage (minimum ion fluence) of ion bombardment as
well as amorphise the mica surface. Therefore, mica surface with depleted K top layer becomes
drastically hydrophobic when exposed to air (Figs. 5.11 & 5.12). To remove only the top K
layers, bombardment with lower energy and low fluence is also sufficient [24, 172]. The slow
increase of contact angle with N* ion fluence (Fig. 5.12 b) indicates that keV energy ions not
only remove the top K but also lead to damage creation and intermixing of other constituents.
The broken AI-O and Si-O bonds may also form active sites for hydrocarbon absorption.
Therefore, a large number of chemically active Al and Si centers are created on the mica surface
that adsorbs C elements from environment. The C adsorption on mica surface after bombardment
is also reflected in XPS spectra (Fig. 5.9). Similar study of compositional change of mica surface

due to RF plasma etching was also reported by Liu and Brown [158].

In case of Ar* ion bombardment the maximum (94°) is reached at minimum ion fluence
(310" ions/cm?). Bombardment with Ar* like heavier projectiles makes the surface more
hydrophobic than N* like lighter projectiles. This is also consistent with XPS measurement of C
peak; the adsorbed C is higher in case of Ar" ion bombardment (Figure 5.9 c). Being the heavier
projectile, Ar* ions remove most of the K atoms from the top layer as well as create sufficient
disorder in the aluminosilicate at minimum fluence. However, due to higher sputtering rate by
Ar" ions, continuous bombardment exposes the next layer of mica where active sites are slightly
less, therefore, shows slight decrease of contact angle with Ar*ion fluence (Fig. 5.12 ¢). Further,
observed lower contact angle for N bombardment on mica may be due to the implantation of

reactive nitrogen and consequent nitridation. Wan et al. [156] reported decrease of contact angle
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due to formation of Si-N bond during nitrogen plasma implantation on Si wafer. In the present
case, Si-N formation may be one of the reasons of lower contact angle compared to Ar
bombardment. However, higher energy and higher fluence ion induced enhancement of contact
angle of mica surface is mostly due to ion induced active site creation and consequent

hydrocarbon adsorption.

In summary, energetic (12 keV) N* and Ar" ions can significantly modify the chemical
nature of virgin mica surface and also develop regular ripple nanopattern by oblique angle
bombardment. This physicochemical modification converts the super hydrophilic mica surface to
a hydrophobic surface. Bombardment with keV energy ions erode the top K layer as well as
break the bonds in the aluminosilicate layer. Therefore, hydrophobicity could be better controlled
by keV energy ion beams. Further, heavier ions bombardment leads to substantial damage as
well as erodes layers of mica due to higher sputtering yield compared to lighter ions. Chemically
modified and nano-patterened mica like insulating surface might be used as a template for the
synthesis of self-organized arrays of nanowires [164, 165] and for the biological deposition like

protein folding [189].

5.3 Detailed investigation of surface chemical nature of virgin and ion beam

modified muscovite mica surface

Mica is a very important substrate for the modification, the details of which are already discussed
in the previous section. Here, we have studied in detail the chemical changes of virgin mica
surface by the X-ray photoelectron spectroscopy (XPS) after Ar and N bombardment. We have
already discussed in the previous section that energetic (keV) ion bombardment preferentially

sputters the upper K atoms; as a result, more hydrocarbons are adsorbed on ion bombarded mica
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surfaces compared to its virgin when the surface is exposed to the ambient atmosphere. In this
section, we will mainly discuss how the chemical phase of different elements in mica change due
to ion bombardment. The adsorbed carbons react with the Si and form silicon carbide (SiC) for
both Ar and N bombarded mica surfaces. Due to the reactive nature of N, silicon nitride and

aluminum nitride are also formed during N* ion bombardment.
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Figure 5.13: (a) High resolution XPS spectrum of Ar 2p for Ar bombarded mica, (b) 12 keV Ar
ions distribution in mica calculated by TRIM. (c) N 1s core level XPS spectrum showing SizNg4
and AIN formation for N bombarded mica and (d) 12 keV N ions distribution in mica calculated

by TRIM.
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The XPS survey scan of virgin and ion bombarded mica was already shown and
discussed in Figure 5.9. To investigate the presence and role of implanted Ar in mica, we
recorded the high-resolution XPS spectrum of Ar 2p (Figure 5.13 a). The Ar 2p spectrum can be
well fitted by two Gaussian-Lorentzian peaks one at 241.94 eV and another at 244.04 eV
corresponding to Ar 2pa and Ar 2py,, respectively. The Ar 2ps, and Ar 2p;, are resolved with
energy separation of 2.1 eV, which indicates the inertness of Ar ions in mica. An approximate
distribution of Ar atoms in the mica is calculated by TRIM, which shows a penetration depth of

11.8 nm (Fig. 5.13 (b)).

The Ar atoms are generally trapped in the interstitial sites for implantation at low energy
[190]. Similarly, to observe the influence of implanted N atoms in mica, XPS spectrum of N 1s
core level is recorded for N bombarded mica surface (Fig. 5.13 c¢). N 1s spectrum is fitted by two
Gaussian-Lorentzian peaks, one at 398.3 eV and another at 395.98 eV corresponding to SizNy4
and AIN, respectively. Also, the N atoms distribution in mica is shown in Figure 5.13 (d). N ions
penetrate upto 26 nm, and it reacts with Si and Al by breaking of the Si-O, Al-O bonds in the
aluminosilicate layer. The breaking of Si-O and Al-O bonds in the aluminosilicate layer was also
previously shown after plasma treatment on mica [158]. TRIM calculations present that the mica
surface is modified up to 30 nm for Ar and 60 nm for N, respectively, however sputtering loss of
the top surface and chemical changes of mica due to Ar or N ion bombardment are not

considered in TRIM calculation.

With continuous bombardment, the mica surface is readily amorphized, and the energetic
ions modify the aluminosilicate layer. We have recorded the high-resolution core level XPS
spectra of Si 2p, and Al 2p for the virgin and ion bombarded mica surfaces, which are shown in
Figure 5.14. Figure 5.14 (a) displays Si 2p spectrum for virgin mica, which can be fitted by two
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Figure 5.14 : High resolution XPS spectra of Si 2p and Al 2p for (a) & (d) virgin mica, (b) & (e)

12 keV Ar bombarded mica and (c) & (f) 12 keV N bombarded mica respectively.

Gaussian-Lorentzian peaks, one at E;,=101.45 eV and another at E;=103.34 eV corresponding to
aluminosilicate and SiOy, respectively. Similarly, for Ar and N bombarded mica, Si 2p spectra as
shown in Figures 5.14 (b) & (c) can be best fitted by three and four Gaussian-Lorentzian peaks,

respectively. For Ar bombarded mica surface, SiC is observed to form in addition of the
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aluminosilicate and SiO4. However, for N bombarded surface silicon nitride (SizsNg) is also

formed due to reactive N beam. We have already observed SisN4 formation in N 1s spectrum

(Fig. 5.13). Si3Ny is generally formed by N ion beam on Si surface [41, 71, 150]. The binding

energies of all compounds of Si in mica before and after ion bombardment are given in Table 5.2

along with some reported values in the literature to compare our results.

Table 5.2: Some reported binding energies (eV) of Si 2p and their compounds along with the

present experimental value.

Aluminosilicate/silicate  SiC SisN4 SiOx Ref.
101.4 - 102.4 [159]
100.3 [191]
101.3 102.5 [192]
101.8 103.7 [193]
102 100.4 101.3 103.56 Present work
+0.5 +0.4 +0.2
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Al 2p core level XPS spectra for virgin, as well as Ar and N bombarded mica surfaces are
shown in Figures 5.14 (d)-(f). Al 2p spectra can be best fitted by three Gaussian-Lorentzian
peaks corresponding to elemental Al, aluminosilicate, and oxidized Al for virgin and Ar
bombarded surfaces. For Ar bombardment, the intensity of elemental Al decreases, whereas the
intensities of aluminosilicate and aluminum oxide decrease slightly compared to the virgin mica.
For N bombarded mica surface, an additional aluminum nitride (AIN) is found to form. AIN
formation is also evident in N 1s spectrum (Fig. 5.13). The binding energies of the entire
compound in Figure 5.14 (c) — (f) and some reported values from literature are shown in Table

5.3.

Table 5.3: Some reported binding energies (eV) of Al 2p and their compounds along with the

present experimental value.

Al Aluminosilicate/silicate AIN oxidized Al Ref.
72.8 73.9 [194]
75.9 [195]
73.6/74.71 73.5 74.8 [195-197]
72.9 74 73.6 75.3 Present work
+0.2 +0.5 +05

The large depletion of positively charged K ions of the top layer of the mica surface by
ion bombardment leads to adsorb hydrocarbon when the surface is exposed in the ambient
atmosphere. The K depletion and C adsorption on mica after ion bombardment were also
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previously observed [24, 34, 170]. The high-resolution XPS core level spectra of C 1s for virgin,
as well as Ar and N bombarded mica are shown in Figures 5.15 (a)-(c). The deconvolution of C
1s peak is also shown in Figure 5.15 (a), which reveals that the observed single C 1s peak at

binding energy E, ~ 285 eV in the virgin mica corresponds to the elemental carbon. These
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Figure 5.15: High resolution XPS spectra of C 1s and O 1s for (a) & (d) virgin mica, (b) & (e)

12 keV Ar bombarded mica and (c) & (f) 12 keV N bombarded mica respectively.

114



carbons come from the adventitious hydrocarbon contamination or adsorption from the
surrounding, but for the Ar and N bombarded mica surfaces, C 1s core level spectra are well
fitted by two peaks corresponding to C (E, ~ 285.8 eV) and SiC (E, ~ 283.5 eV), respectively.
The shift of binding energy for carbon in case of ion bombarded mica may be due to partial
oxidation of carbon [158]. SiC is formed by C adsorption and reaction with the Si in the

aluminosilicate layer where some of the Si-O bonds are broken by ion bombardment.

We have previously observed SiC formation due to C ion implantation [40, 71], but in the
present case, SiC formation process is quite different. Further, we have observed the O 1s core
level spectra for both virgin and ion bombarded mica surfaces. The O 1s core level spectra are
shown in Figures 5.15 (d) — (), which show that in all cases O 1s is well fitted by two Gaussian-
Lorentzian peaks, one at 532.4 £ 0.2 eV and another at 530.5 + 0.1 eV corresponding to SiO, and
Al,O3, respectively. In virgin mica, the peak intensities corresponding to SiO, and Al,O3 are
almost same, whereas for ion bombarded mica, they are different. This is due to the sputtering of
O atoms during ion bombardment. The binding energy of C 1s, O 1s, and N 1s for different

compounds along with the reported values in the literature are shown in Table 5.4.

Table 5.4: Some reported binding energies (eV) of C 1s, N 1s, O 1s and their compound along

with the present experimental value.

C region O region N region
283.3 285.4 532.7  530.3 398.2 396.2  [191, 198-201]
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283.2 284.8 532.5 530.7 397.8 396.4 [190, 196, 202-204]

283.4 285.4 5324 530.5 398.3 395.98  Present work
+0.2 +04 +0.2 +0.1

In summary, we have proposed the surface chemical treatment of mica surface by low
energy inert and reactive ion bombardment. Detailed studies of the surface composition and the
chemical states of the elements of freshly cleaved as well as ion bombardment mica surfaces by
x-ray photoelectron spectroscopy (XPS) show that sputtering and ion implantation can be used to
precisely control the chemical nature of the mica-like naturally available multilayered
multicomponent surface. Depletion of K layer due to preferential sputtering opens active
adsorption sites. Further, chemically reactive projectile ions (N) react with the aluminosilicate
layer and modify by creating silicon nitride and aluminum nitride. It is also found that the
chemisorption of C on ion beam modified mica surface forms SiC. Our results will motivate to
tune the chemistry of mica surface by low energy ion bombardment and study the interaction of

biomolecules with modified mica surface.
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Chapter 6

6.1 Role of impurity in low energy Ar® ion beam on Si ripple pattern

formation

The pattern formation on Si surface by energetic ion bombardment has brought a great interest in
the scientific research for its potential applications. Several experimental observations of ripple
pattern formation have been reported on the Si surface by varying ion species, energy (250 eV -
1 keV), and incident angles [17, 33, 106, 121, 174, 205-208]. As the Ar ion beam is very
common for surface cleaning and depth profiling in surface science experiments, several groups
have reported pattern formation on Si surface by very low energy Ar* ion (500 eV to 2 keV)
bombardment [16, 17, 106, 121, 171, 174, 206-210]. However, the study is limited in the
medium energy range 3 — 100 keV [8, 30, 40, 211-222], because a limited ion beam facilitiy in
this energy regime is used for nanopatterning. It is also interesting that the well defined pattern
on Si is observed only for mass analyzed Ar* ion energy greater than 20 keV [30, 214-222],

ripple pattern is not found in the energy range 3-20 keV [8, 10, 40, 211-213].

For very low energy (100 eV to 2 keV) Ar" ion beam, ion guns are generally attached to
the vacuum chambers without the mass filtering system, whereas in typical ion implanter the
energy is above 3 keV, and the beam is usually mass analyzed and isotopically pure. The
unfiltered ion beam may contain N, C, O, and other common impurities. Pan et al. [190]
observed silicon carbide (SiC) formation in an ultra-high vacuum chamber by low energy (1.5
keV) Ar® ion incorporation, although they did not study the pattern formation and role of
contamination induced chemical effects on the pattern formation. Ozyadin et al. [28, 29] found

that Si surface remained flat for normal incidence ion bombardment, but a disordered array of
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nanodots was developed for co-deposition of trace amount of Mo atoms during bombardment.
Ziberi et al. also admitted that the dot pattern formation by noble ion bombardment might be due
to the unintentional contaminations from the various sources [16-19]. Hofsass and Engler
pointed out the effect of contamination on pattern formation, where the contamination came from
the target holder or were intentionally incorporated during ion bombardment [20-22]. Moon et al.
[23] also observed the surface nanopatterning of Si targets irradiated with 2 keV Ar” ions under
the concurrent Au impurity co-deposition from a gold target. Bradley gave several theories on
pattern formation with external co-deposition of impurities [90-93]. Nevertheless, the
contaminations in ion beam itself and consequent effects on nanopatterning have been

overlooked.

In this chapter, we have investigated the pattern formation on Si by the mass analyzed
pure and unanalyzed impure 3- 10 keV Ar ion beam and explored the role of beam impurities on
Si ripple formation. It is established that if ion beam is not mass filtered, a mixture of ions

bombards the surface, and the reactive species play the vital role for ripple formation.

The experimental details have already been discussed in the previous chapters. We have
used 99.99% pure Ar gas to produce the Ar* beam in the ECR ion source. A small gas capsule in
a gas manifold system was filled with the pure gas from an argon gas cylinder. The Ar gas is
introduced to the ECR ion source from the capsule through a preciously controlled leak valve.
Mixing of a trace amount of nitrogen and oxygen from the air during the transfer is unavoidable.
The irradiation was carried out in two different ways one before the dipole magnet i.e., by mass
unanalyzed ion beam and another after the dipole magnet, i.e., by mass analyzed ion beam. The
schematic diagram of the irradiation experimental set up has already been shown in Figure 3.1

(Chapter 3). The morphologies of all the irradiated samples were investigated by AFM, whereas
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the compositional change of the irradiated Si (100) samples with respect to virgin Si surface was

investigated by X-ray photoelectron spectroscopy (XPS) as discussed in the previous chapter.

Figure 6.1 shows the surface morphologies of mass analyzed Ar" ion-bombarded Si surfaces
with different ion energies. Figures 6.1 (a) — (d) show the AFM images of 3 — 10 keV Ar" ion-
bombarded Si surfaces with ion fluence 7x10*" jons/cm? at an angle of incidence 60° with the
surface normal. The irradiated surfaces amorphize after the irradiation and do not show any
pattern, but a rough surface with rms roughness below 1 nm is observed as shown in Figure 6.1
(e). The absence of the pattern on Si surface by low energy (3-10 keV) mass analyzed Ar* ion
bombardment at oblique angle was also reported earlier [10, 40]. However, the patterns are
easily observed by other groups at lower energies (< 2 keV) [17, 33, 106, 121, 174, 205-208].
Ziberi et al. reported the ripple pattern formation on Si by noble gas ion beam (Ar*, Kr*, Xe")
below 2 keV ion energy, but observed no pattern by Ne* ion beam [17]. They concluded that the
mass of ion played a vital role in pattern formation. The description of mass dependence cannot
explain the pattern formation by N,O & C ions and the absence of pattern by Ar ion of same
energy (3-10 keV) [41]. It is observed that the kinematics of the Ar* ion with Si surface is not
very much different for ion energy 1.3 to 10 keV [10]. Thus, the pattern formation by ion
bombardment depends not only on the kinematics but also on the additional sources of instability
i.e., initial perturbation [70], presence of surfactant [20], and external impurities [23]. One of the
most possible sources of impurities could be the ion beam itself if it is not filtered properly. To
examine the source of impurity, the chemistry of mass filtered and unfiltered Ar* ion-bombarded

Si surfaces is investigated by X-ray Photoelectron Spectroscopy (XPS).
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Figure 6.1 : AFM images of mass analyzed Ar bombarded Si surface with ion energy (a)
3 keV, (b) 5 keV, (c) 8 keV, and (d) 10 keV at an oblique angle of incidence 60° with constant ion
fluence 7x10" ions/cm?. The arrow in each image indicates the ion beam direction, and the Z
scale is shown with each image. (¢) The RMS roughness of mass analyzed Ar bombarded Si

surfaces with ion energy.

Figure 6.2 shows the XPS spectra of mass analyzed 5 keV and 10 keV Ar" ion-
bombarded Si as well as virgin Si surface. It is clear from the figure that the surface chemical

state of Si has not changed due to 5 or 10 keV mass analyzed Ar* ion bombardment. The oxide
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peak for all the three surfaces in Figure 6.2 is for the native oxide layer, formed due to air
exposure during sample transfer from the implantation chamber to the XPS system. The binding
energies and concentrations of elemental Si and SiOy for all the surfaces are mentioned in Figure
6.2. Similar oxide state at this binding energy was observed for oxide growth in Si nanowires
(NWs) [223]. The implantation of Ar atoms is confirmed by high-resolution Ar 2p core level
XPS spectrum (Fig. 6.4 a). Ar 2py; and 2ps, are clearly resolved with separation of 2.1 eV,

which indicates inertness of Ar within the Si matrix.
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Figure 6.2 : High resolution Si 2p core level spectra of virgin Si, 5 keV, and 10 keV mass

analyzed Ar bombarded Si.
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The distribution of implanted 5 keV Ar atoms at 60° in Si as a function of depth is

simulated by TRIM [11] and presented in Figure 6.3 (b). Ar atoms during irradiation transfer its

energy to the target material and penetrate up to a certain depth. As the Si surface is amorphized

by ion bombardment, the inert Ar atoms are trapped randomly in the amorphous layer. Well

defined ripple formation on Si surface by Ar” ion beam at moderate ion fluence is only possible

when the surface instability driven growth rate of ripple amplitude is appreciable. The

appreciable amplitude of ripple can be achieved by Ar* ion energy more than 10 keV [30, 214-

222], or at very high fluence [211, 212].
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Figure 6.3: (a) High resolution Ar 2p core level spectra of 5 keV mass analyzed Ar bombarded

Si surfaces. (b) TRIM calculation of implanted Ar distribution for 5 keV Ar bombarded Si at 60°.

Therefore, Si ripple formation by mass analyzed Ar* ions of energy up to 10 keV at

moderate fluence is unlikely as the sputtering, mass redistribution of Si target atoms, and

presence of inert ion implantation are not sufficient to generate instability for surface pattern

formation. However, presence of additional reactive atoms/ions in the incident beam and the
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subsequent surface chemical change may enhance the instability required for ripple pattern

formation.

To verify our assumption, we bombarded the Si surfaces by impure Ar* beam of energy
3-10 keV without mass filtration. We kept the same ion beam parameters and ion surface
geometry as before. The experiments were performed before the dipole magnet (mass analyzer)
as shown in Figure 3.1. The AFM morphologies of Si surfaces after the bombardment with
unanalyzed 3-10 keV Ar* beam are shown in Figures 6.4 (a) — (d). All the bombarded surfaces
show well periodic nanoripple pattern. The rms roughness and ripple wavelength of the
bombarded surfaces with ion energy are shown in Figures 6.4 (e) and (f). The rms roughness of
the surfaces changes with ion energy within £ 1 nm, whereas the ripple wavelength increases

with ion energy as usual.

To investigate the possible reason of nanopattern formation with unanalyzed ion beam,
we took the mass spectrum of the ion beam as well as investigated the irradiated Si surfaces by
XPS. The XPS survey of 5 keV and 10 keV Ar" ion bombarded as well as virgin Si surfaces with
and without mass analyzer is shown in Figure 6.5 (a). The virgin Si surface contains Si, oxygen
(O1s), and carbon (C1s). The presence of carbon and oxygen in Si is common [190]. Oxygen
comes from the native oxide layer if it is exposed to air, and a trace amount of C remains during
the Si wafer processing. We compare the XPS survey spectrum of virgin Si and the 5 & 10 keV
mass filtered and unfiltered Ar® ions bombarded Si surfaces. For mass filtered Ar® ion
bombardment, Ar peak is observed in addition to Si, C, and O peaks. It shows that the surface
contains the same elements as in the virgin Si with an additional Ar peak, but in the case of
unanalyzed Ar bombardment, a new N peak is found. It proves the presence of contamination in

the mass unanalyzed ion-bombarded Si surfaces. The atomic concentration of different elements
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in the virgin Si, 10 keV mass analyzed and mass unanalyzed Ar bombarded Si surfaces is shown

in Figure 6.5(b).
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Figure 6.4 : AFM images (5um x 5um ) of without mass analyzed Ar bombarded Si surfaces

with ion energy () 3 keV, (b) 5 keV, (c) 8 keV, and (d) 10 keV at oblique angle of incidence 60°

with constant ion fluence 7x10*" ions/cm®. The FFTs are shown in the corner of each image

showing parallel mode ripple pattern formation. The 1um x lum scan AFM images are also

shown in the upper corner of each AFM images. The arrows indicate the ion beam direction, and
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also the Z scale is shown near each image. (e) The surface RMS roughness and (f) ripple

wavelength of mass unanalyzed Ar bombarded Si surfaces with ion energy.
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Figure 6.5: (a) XPS survey of virgin Si and ion bombarded Si surfaces with mass analyzed beam
and without mass analyzed beam. (b) Atomic concentration of different elements in virgin Si, 10

keV mass analyzed, and mass unanalyzed Ar bombarded Si surfaces calculated from XPS survey.

To identify and quantify the presence of contamination in the unfiltered beam, we have
recorded the mass spectrum of the ion beam, extracted at 5 keV by the same analyzing magnet.
The mass spectrum for 5 keV ion beam is shown in Figure 6.6. Although the ion source was
filled with 99.99% pure Ar gas, we found H, N, O, and C species along with Ar in the form of
ions. The N and O impurities come from the air during the gas filling, whereas C comes from the
vacuum pump oil and other unknown sources. Adsorbed water vapor on the wall of ion source
chamber is the source of H and O. As the unanalyzed Ar ion beam is a mixture of H, Ar, O, N,
and C ions, all of these ions bombard the Si surface when the beam is not filtered by the

analyzing magnet. This type of beam contamination is very common for almost all type of ion
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sources [224-226]. The contaminations in the Ar" beam specifically C, O, and N like reactive

species change the chemical nature of the surface, which generates additional surface instability

during ion bombardment.

Beam current (pA)

= Mass s pectrum on 5i

with 5 keV source voltage

20
Dipole current (%)

50 60

Figure 6.6: Mass spectrum on Si (100) sample by 5 keV source voltage extracted from ECR ion

source

The change of surface chemistry due to the contaminated Ar* ion bombardment is further

investigated in detail by high-resolution XPS measurements. Figures 6.7 (a) and (b) show the Si

2p core level spectra of Si surfaces, bombarded with the unfiltered Ar* ion (5 & 10 keV). The Si

2p peak can be fitted by four p-type Gauss-Lorentz peaks (2ps;, + 2p12) Which contain elemental

Si (B.E. = 99.2 + 0.15 eV), SiC (B.E = 100 + 0.1 eV), SisN, (B.E. = 101.4 + 0.2 V), and SiO;

(B.E. = 103 = 0.2 eV). Also, the % area of unreacted Si and its compound are calculated from

Figures 6.7 (a) & (b), which are shown in Table 6. 1.
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Table 6.1. % area of unreacted Si and its compounds from Figures 6.7 (a) & (b).

Unreacted Si SiC SizNy4 SiO;
5 keV ion energy 34 36 16 14
10 keV ion energy 28 39 19 14

o 5 keV mass wmanalyzed Ar bombarded Si o 10 keV mass unanalyzed Ar bombarded Si
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Figure 6.7 : High-resolution Si 2p core level spectra of (a) 5 keV mass unanalyzed and (b)10 keV

mass unanalyzed Ar bombarded surfaces showing chemical compound formation.

As C is present in all the samples, we have taken high-resolution spectra for C 1s for the
virgin and Ar bombarded Si surfaces. It is found that C beam plays a different role when
implanted in Si compared to the carbon commonly present on Si surface as contamination.
Figures 6.8 (a) and (b) show the core level C 1s spectra of virgin Si and 10 keV mass selected Ar
bombarded Si surfaces. No chemical change of as present C in Si is observed here. However, C

1s high-resolution spectrum from Si surface, bombarded with the unanalyzed contaminated
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(contains C ion also) beam, shows chemical alteration of C 1s spectra. The spectrum, shown in
Figure 6.8 (c), is fitted by three peaks at 282.88 eV, 284.7 eV, and 286.5 eV corresponding to
silicon carbide (SiC), elemental C, and hydroxyl (C-OH), respectively. The peak at 282.88 eV
confirms the SiC formation by C* impurity ions, present in the mass unanalyzed ion beam. The
formation of SizsN4 and SiC during N and C ion bombardment to Si surface was also previously
observed [40, 41, 150]. Table 6.2 shows the binding energies (B.E) of Si, SiC, SisN4 and SiOg,
reported earlier and measured in the present study. The hump at 286.5 eV is due to hydroxyl
adsoption, which was also observed previously around this binding energy [24, 227]. Similar
hydroxyl (C-OH) hump is also present at slightly higher binding energy for virgin and 10 keV
mass analyzed Ar bombarded Si surfaces as shown in Figures 6.8 (a) and (b). The high-
resolution Ar 2p core-level spectrum for 5 keV mass unanalyzed Si surface is also shown in
Figure 6.8 (d), which displays the splitting of Ar 2ps;, and 2py, with binding energy separation
of 2.1 eV. It again shows inertness in Si as is observed before for Si surface bombarded with

mass selected Ar ions (Fig. 6.4a).

Table 6.2. Some reported binding energies (eV) of Si 2p, C 1s and their compound along with

the present experimental value.

Si region C region Ref.
Si SiC SizNg4 SiO; SiC C
99.8 100.3 283.3 285.4 [191]
101.3 102.4 [192]
99.3 100.1 283.2 284.8 [190]
99.4 103.2 [228]
101.8 103.7 [193]
99.2 100.0 101.4 103.0 282.9 284.6 Present work
+0.15 +0.1 +0.2 £0.2
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C 1s for 10 keV Ar mass analyzed Ar bombarded Si

(b)
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Figure 6.8: High resolution C 1s core level spectra of (a) virgin, (b) 10 keV mass analyzed, and
(c) 10 keV mass unanalyzed Ar bombarded surfaces showing SiC formation. (d) Ar 2p core level

spectrum for 5 keV mass unanalyzed Ar bombarded Si surface.

The absence of well-defined pattern by mass selected Ar* beam indicates that when pure
kinematics induced instabilities are not sufficient, reactive contaminants in the unanalyzed
primary beam introduce the surface chemical inhomogeneity to generate required instability for
the pattern formation. Ripple pattern formation is generally described on the basis of curvature
dependent sputtering, mass redistribution, and effect of non-reactive implant species [5, 8, 10,

66, 93, 122, 174, 181]. Recently, Bradley has developed a new model of ripple formation
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considering the co-deposition of inert [90] and reactive [92] impurities during ion bombardment.

The coupled equations for the model of reactive impurities are given as [92]

oh
Frie —0,(Fy — Fp) —2,(Fg + V. J2) —23V. J3 (1)
ad
A2 =Fp—F, =V J; )

where, A and B denote the atoms of impurities and atoms of solid surface, respectively. F, and
Fpare the sputtered fluxes of species A and B. Fj, is the flux of A atoms deposited on the surface.
J» and J; are the surface current of B atoms and chemical compound of A & B atoms (ABn,
molecule, m is integer). n; denotes the number density of AB,, molecules, and A is the deposited
impurity layer thickness which is of the order of ion penetration depth. It has been shown in the
model that the formation of compound destabilizes the surface due to unequal sputtering rate of
elemental target material and its compound. If the sputtering rate of target material is more than
the compound, the ripple patterns are formed. This model is applicable for the present case
where reactive impurities in the Ar ion beam form silicon compounds. We have calculated the
sputtering yield of Si and its compounds for 10 keVV Ar bombardment at 60° angle of incidence
by TRIM simulation. We have also calculated the erosion rate of pure Si and its compounds and
found that the erosion rate is higher for pure Si than its compounds (Table 6.3). The ripple
formation by Ar” ion in presence of reactive impurities is therefore consistent with the Bradley
model [92]. Macko et al. also observed the higher erosion rate of Si than its metal silicides and
found ripple patterns [19]. The formation of SizN4 compound during 12 keV N* bombardments
on the Si surface was observed where the unequal sputtering of SisN4 & Si generated the surface
instability for the ripple pattern formation [41]. We recently have reported the ripple pattern
formation due to the preferential sputtering of different elements, presented on multi-elemental
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mica, by 12 keV mass analyzed Ar bombardment [68]. For Si like mono-elemental surface, low
energy noble ions cannot generate sufficient instability to form a pattern, hence, only a flat
surface with very low roughness is formed even after long time bombardment. It was previously
reported that the reactive O or C or N ion bombardment could generate instability on Si surface
for ripple pattern formation [10, 31, 40-42, 213, 229-232]. Recently, it has been observed by
Novakowski et al. [233] that the chemical phase of Si has changed to SiC by 100 eV He" ion
bombardment on Si surface. They have also found N 1s peak in XPS survey spectrum for ion
bombarded surface, which indicates the presence of C and N contamination along with the He"
ion beam. In the coupled equations of Bradley model [92], only one type of co deposited metallic
impurity (A) is considered, while the deposition of multiple reactive impurities in ionic state is
somewhat different as they easily form multiple chemical compound by reacting with the Si
atoms. This model may be more applicable for the present case if the specific amendments are
applied. In summary, the present study with the surface chemical analysis establishes the fact
that the ripple patterning on Si surface by the mass unanalyzed Ar” ion (3-10 keV) is mainly due

to the presence of reactive impurities in the ion beam.

Table 6.3. Sputtering yield (Y) and erosion rate (Y/ p) of several compounds of Si.

Composition Ys; (Si atoms per ion) Y (atoms perion)  p (atoms. nm®) Y/ p (nm?ion™)

Si 7.48 7.48 50 0.1496
SizNy 3.1 9.4 95.5 0.0984
SiC 4.06 6.5 95 0.0684
SiO, 2.68 10.8 80 0.135
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In summary, we have experimentally observed the mass analyzed and without mass
analyzed Ar* ion beam induced pattern formation on Si surface. For the mass analyzed ion
bombardment, no chemical change of the Si surface has taken place and a flat surface is formed,
whereas for the mass unanalyzed ion bombardment, surface chemistry is significantly changed,
and the well periodic ripple pattern is observed on the Si surface. This experimental
understanding establishes the fact that the presence of contaminants with ion beam plays a key
role in the low energy (3-10 keV) Ar" ion-induced ripple pattern formation on Si. Our results
will give a boost to study the beam purity and the surface chemistry of the patterns, formed by
mass unanalyzed ion beam. In case of reactive ion beam, the ions play the dual role of projectile
and impurity which are deposited at the same angle, whereas in case of co-deposition, incident
angles of projectile and impurity are different [19, 90, 92]; the ions are also chemically more
reactive than co-deposited atoms. The present work will stimulate to extend the theoretical

understanding by incorporating the effect of reactive impurities in the primary ion beam.
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Chapter 7

Summary and outlook

The present thesis mainly involves the surface and interface modifications of Si (100) and
muscovite mica by low energy (~ 10 keV) ion beam sputtering and implantation. Most of the
studies of this thesis are related to the surface modification in terms of well periodic pattern
formation. The interface and chemistry of the surfaces due to ion implantation are investigated in
detail by cross-sectional Transmission Electron Microscopy (TEM) and X-ray Photoelectron
Spectroscopy (XPS), respectively. The low energy ion beam technique offers the large scale
modification on a surface, and it has precise control on concentration and depth, which has made
this technique unique. Apart from surface modification, this technique also affects the

compositional, electrical, magnetic, and mechanical properties of surface.

We have studied the formation of periodic nanostructure on Si surface and plasmon
active nickel silicide (Ni,Si) layer just below the surface, which are achieved simultaneously by
a single step Ni* ion implantation. We have elaborated the potential application of the patterned
and Ni,Si embedded amorphous thin layer in solar devices. The presence of buried silicide layer
enhances the optical absorption of Si surface in the visible spectrum by plasmon induced
resonance energy transfer and direct electron transfer from plasmon to Si surface. This technique
is more advantageous over other techniques, as it does not need multi-steps processes like

annealing, deposition.

The energetic ion bombardment on Si like semiconducting surface leads to form well
periodic ripple pattern at oblique angle incidence. The growth of ripple pattern on Si surfaces by
several energetic (5-12 keV) N* ion bombardments is discussed. The horizontal and vertical
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dimensions of the pattern are controlled in terms of ion energy. The experimentally observed
horizontal dimension i.e., ripple wavelength and vertical dimension i.e., rms roughness are
directly proportional to the theoretically calculated horizontal width of the collision cascade and
ion penetration depth, respectively. We have also extended the optical and wettability study of
the patterned surfaces. The hydrophobicity is well tuned by measuring water contact angle of N
bombarded Si surfaces. We have observed the increase in optical absorption of N bombarded Si
surfaces, which has potential application for the photovoltaic device as well as anti-reflective

coating surface.

Next, we have studied the surface and interface modification of multi-elemental layered
substrate muscovite mica. The periodic ripple pattern formation on mica by 12 keV Ar* and N*
bombardment is discussed in detail. The growth of the pattern surfaces is explained in terms of
several continuum models as well as dynamic scaling theory. The detailed scaling theory study
aids to control the growth of nano-pattern on a solid surface by calculating different scaling
exponents. Mica being a layered substrate, its chemical composition is immensely changed by
ion bombardment, which has been investigated by XPS analysis. The K atoms, which are
arranged at the top surface of mica, are sputtered most due to ion bombardment; as a result, the
underlayer aluminosilicate is exposed to adsorb hydrocarbon from an ambient atmosphere. Both
the Ar" and N* bombardment sputter K atoms, and the bombarded surfaces adsorb carbon from
the ambient atmosphere. The interface of mica i.e., the aluminosilicate layer is also modified
drastically by breaking Si-O and Al-O bonds as well as forming several chemical compounds
during ion implantation. The inert Ar atoms are trapped in the aluminosilicate layer, whereas the
reactive N atoms implant into the aluminosilicate layer and form nitride by reacting with Si &

Al. The physical change i.e., the periodic ripple pattern formation and chemical change lead to
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decrease the surface energy [24], hence, the superhydrophilic mica surface transforms to

hydrophobic surface for both the ion bombarded surfaces.

Lastly, we have explored the critical role of impurities with primary ion beam itself on
ripple pattern formation by inert ion bombardment. The pattern formation on Si surface by
medium energy (3-12 keV) pure Ar® ion is forbidden. However, the pattern formation was
observed by external metal incorporation [20, 21, 23, 28, 29] during normal incidence inert ion
bombardment, but we have here studied the pattern formation in a new way on Si surface by
impure Ar* ion bombardment. The reactive impurities (N*,0",C") with Ar® ion beam and

consequent chemical alteration of Si surface play the major role on Si pattern formation.

Overall, the studies, presented in this thesis, demonstrate the ion beam induced periodic
pattern formation for the basic understanding of ion-solid interaction and for the potential
applications. The plasmon active buried layer formation by just single step ion implantation on
Si surface is a new way to extend the study for photovoltaic application. The investigation of
detailed chemistry of an important atomically flat multi-elemental mica surface opens up to
study the chemical modifications by ion bombardment. We have explored that hydrophobicity
can be precisely tuned by ion beam parameters. The most important finding of this thesis is the
idea of impurities with ion beam itself and role of beam impurities on Si pattern, which will aid
to investigate the surface chemistry of the substrate by mass unanalyzed ion bombardment. Our
works will open up the scopes to study further in continuation to the present results like the
pattern formation on Si and mica surfaces by energetic ion bombardment can be investigated by
changing conventional geometry of ion incident angle. We have studied the modification of mica
surface by ion bombardment in detail; the interaction of biological substances like protein, DNA

with modified mica surface could be an interesting study. Also, the study of mica surface is
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limited to Ar* and N* ion only, so the study of other ions like C*, O will explore the interaction
mechanism of mica surface with those ions. The pattern formation with impure mass unanalyzed
inert ion beam suggests that the chemical nature of Si surface by low energy (~500 eV) mass
unanalyzed inert ion bombardment should be investigated for conclusion whether the pattern is
for the pure dynamics of inert ion bombardment or purely chemical change of Si. We believe
that our work is able to solve some of the problems in the field of ion beam induced material

science study.
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