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Abstract

This work aims at the fabrication of novel nanoscale structures using ion beam induced self-
organization. Sparsely distributed and self-organized gold-nanocones are fabricated by broad
argon ion beam sputtering on the gold and silicon surfaces with grazing incident angle. The
rotation of the sample with respect to the vertical axis has been found to influence the
morphology of the obtained nanostructures. lon beam irradiation of the gold sample leads to
the formation of nanoripples when the sample is held stationary; otherwise, nanocones are
formed if the sample is rotated during irradiation. A hybrid gold-nanocone/graphene/gold-
nanohole based surface-enhanced Raman scattering (SERS) sensor is proposed and shown
to exhibit an enhancement factor of 10° via finite-difference time-domain (FDTD)

simulations.

The gallium ion (Ga") focused ion beam (FIB) was used to enable the formation of the self-
organized nanoripples on the germanium (100) surface. During the fabrication, the overlap
of the scanning beam is varied from zero to negative value and found to influence the
orientation of the nanoripples. The evolution of nanostructures with the variation of beam
overlap is investigated. Parallel, perpendicular, and randomly aligned nanoripples with
respect to the scanning direction are obtained via manipulation of the scanning beam overlap.
The enhanced light trapping leading to the high absorption of light is confirmed by the
experimental studies as well as the numerical simulations FDTD method. About 95%
broadband absorptance is measured in the visible electromagnetic region for the nanorippled
germanium surface. The reported light absorption enhancement can significantly improve

the efficiency of germanium-silicon based photovoltaic systems.
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The tailoring of the surface self-organization to realize periodic and protruding nanoscale
polygonal morphologies on the germanium (100) surface was demonstrated with the aid of
FIB induced self-organization. The morphologic evolution in the nanoholes has been found
to be sensitive with the ion dose, and the optimized conditions produce protruding polygonal
geometries such as squares, triangles, hexagons, pentagons, and octagons. With further
modulation, the unusual nanostructures such as corrugated shaped, mushroom shaped and
dual-nanostructures resembling nanoholes connected with nano-needles are fabricated. The
systematic investigation of the morphology evolution and underlying mechanism was carried
out using electron microscopy, atomic force microscopy (AFM), Raman spectroscopy and
molecular dynamics (MD) simulations. The bombardment of energetic ions on the
germanium surface causes the site-specific thermal spike forming the localized melting zones
followed by the phase transitions enabling confined viscous-flow at the walls of nanoholes
as revealed by microscopy, Raman spectroscopy and molecular dynamics (MD) studies. The
confined viscous-flow provides reorganization of the surface atoms by the occurrence of
viscous-fingering at the nanoscale, enabling the geometrical makeover for the nanoholes to
convert the circular holes into the polygonal holes. The demonstrated strategies not only
provide precise nanoscale control in the ion beam induced self-organization but also provides
advancement in the field of focused ion beam fabrication process by first-of-its-kind control
and manipulation at a level of individual FIB spots, offering a unique capability to surmount
the barriers concerning miniaturization efforts in the field of nanofabrication. The nanoscale
control over the material self-organization promises to inspire novel, fast and easy methods
for 3D nanoscale and sub-nanoscale geometries for use in photonic integrated circuits (P1Cs),

photodiodes, bio-sensing, and microfluidics.
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Chapter 1

Introduction

1.1 Background

The surface topography at micro/nano-scale strongly influences the optical, electrical, and
magnetic properties of materials. Photolithography and e-beam lithography are widely used
nanofabrication processes. The fabrication of three-dimensional (3D) structures at nanoscale
faces tremendous challenges using these conventional lithography-based processes due to
multi-stage processing, resist layer requirement and the need for masks during each stage of
operations. To overcome these limitations of the conventional lithography-based
nanofabrication processes, learning and exploiting the self-organization phenomenon present
in nature could be beneficial in terms of simplicity as well as cost-effectiveness without
losing on the quality of the outcomes. The self-organization is known as the process where
surface or material undergo interplay of competitive dynamics leading to the formation of
ordered arrays of objects or morphologies [1]. In nature, the occurrence of such self-
organization are ranging from ripples on sand dunes (Figure 1.1(a)), a network of veins in
leaf structures by leaf-venation (Figure 1.1(b)) to molecular and atomic arrangements [1].
Mimicking this natural self-organization phenomenon artificially to create varied geometries
and morphologies could be useful in the advancement of materials science by opening up the

new avenues in the field of nanofabrication [2—4].

1.2 Motivation
The nanopatterning using ion beam sputtering (IBS) technique has been getting attention for
its capability of forming nanostructures via self-organization of the surface atoms [5,6]. The
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advantage of this technique is the possibility of nanostructures on a large area with a single
step and mask-less process. During the ion beam irradiation on the surface, the curved
surfaces are formed with an increase in the roughness, and atoms on the concave regions
tend to erode faster than those from the convex regions [5]. The occurrence of such a
selective surface erosion and its competition with a surface diffusion induced by ion beam
sputtering results in reorganization of the surface atoms, and thus, the nanostructures are

formed [5,6].

Figure 1.1 (a) Macro-scaled ripple patterns on the sand dune, (b) micrograph of leaf-
venation in Viburnum mole plant leaf [7], (c) sub-micron size ripples in glass substrate [8],
and (d) TEM cross-section image of ripples on the Si surface. The arrow shows the ion
beam incidence direction [9].

The self-organization on the surface during ion beam irradiation resembles the natural

phenomena of the wave-like pattern created due to wind on the sand dunes, as seen in Figure

1.1(a & c) [8]. The observations of sub-micron scale ripples created on the Si surface by
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argon ion beam sputtering (IBS) exhibit the similarities with the macro-scaled ripples or
wave-patterns in nature on the sand dunes, as seen in transmission electron microscopy
(TEM) image (Figure 1.1(d)) [9]. A variety of nanostructures can be fabricated by self-
organization (Figure 1.2) such as nanoripples on strontium titanate [10], transparent and

conducting aluminium nanowires [11], nanodots on silicon surface [12] and gold

e
'Y

nanowires [13].

’0

("

Figure 1.2 Micrographs of self-organized nanostructures formed by ion beam irradiation.
(@) Nanoripples on strontium titanate [10], (b) transparent aluminium nanowires [11], (c)
silicon nanodots [12] and (d) gold nanowires [13].

The self-organization on the ion beam irradiation for the strontium titanate leads to the

formation of nanoripples on the surface [10]. The ripple formation was found to be prominent

with a higher beam current. However, the ripples are not uniform in any case and even

3



wavelength is not uniform throughout the selected area; also, the faceted features were
present. The grazing angle (82° with respect to the surface normal) ion beam irradiation on
the polycrystalline aluminium film provided transparent and conducting aluminium
nanowires [11]. The conductivity of the aluminium nanowires was dependent on the
irradiation dose, enabling the possibilities for tuning the conductivity of transparent metal
nanowires. Researchers have also demonstrated quasi-periodic silicon nanodots via ion beam

induced self-organization.

Researchers have reported the ion beam induced self-organization of nanoripples and
nanodots on various surfaces [14—-17]. However, the lack of control over structures in terms
of periodicity and uniformity limits their application. There is also a lack of reports on the
morphology controlled self-organized geometries such as squares (and other higher-order
polygons) with periodic spacing. Hence, fabricating 3D structures with higher aspect ratios
is a challenge. Instead of broad ion beam sources, the use of focused ion beam (FIB) — a
beam of energetic ions focused with beam diameter around 10 nm — can be beneficial to
overcome the limitations of broad ion beam assisted self-organization. FIB can be used both
for imaging and micro/nano-fabrication [18]. Primarily, the focused ion beam assisted direct
milling process (Figure 1.3(a)) and chemical vapour deposition (CVD) process (Figure
1.3(b)) have been widely used for three-dimensional (3D) nano-fabrication
strategies [19,20]. The advantage of the focused ion beam milling process for
nanofabrication is that the process is a single step and mask-less. However, direct milling-
based FIB nanofabrication is slow, and nanostructures with a feature size of a few
nanometers (e.g., features of dimensions lesser than that of the ion beam size) are

challenging.



Volatile
@ molecules
e ©

Figure 1.3 Nanofabrication by focused ion beam. (a) FIB-CVD schematic and (b) the SEM
image of metal (Pt) deposition as well as material removal using FIB milling. “IIT” is
produced on the silicon substrate with deposition of Pt and by removing Si material using

the FIB milling process.

FIB
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Figure 1.4 Schematic of FIB milling process via pixel scanning.

As shown in Figure 1.4, the fabrication strategy to create nanostructures using a focused ion
beam (FIB) is to sputter away the material for the desired geometrical shape, to produce the

designed structures by dwelling pixel by pixel, known as a direct milling process [21—



25,19,26-28]. Direct milling by FIB is slow due to the requirement of pixel-by-pixel
scanning with enough dwell time to erode the materials up to the desired depth, which
depends on the effective sputter yield of the material for the particular ion beam source [21-
24]. In order to produce well-defined nanostructures with dimensions of the same order or
lesser order of the diameter of the ion beam is practically not possible using focused ion
beam milling [22,24,29]. Recently, the FIB technique has attracted researchers towards its
capability to form well-ordered nanostructures and sub-nanometer structures via self-
organization of the surface atoms after FIB irradiation. Self-organization of nanostructures
using focused ion beam with optimized beam parameters may lead towards overcoming both
the significant limitations, namely, (i) low-periodicity and lack of variety in morphologies of
broad ion beam based self-organization and (ii) limitations in size and slow process by the
milling-based FIB nanofabrication method. Under the influence of the focused ion beam,
self-organization of the surface can lead to novel structures and morphologies, which is

promising due to its high-throughput capabilities.

The proposed research aims at studying ion beams and their interactions with materials for
novel 3D nanostructure fabrication. Based on beam geometries and scanning strategies,
controlled ion beam irradiation is expected to significantly tune the surface morphology with
characteristic topographical features. Periodicity and precision in the size of self-organized
nanostructures can enable them to be served as functional nanostructures and exhibit novel
structures required for surface plasmonics, photonics, microfluidics, template for

nanoparticle/nanowire patterning and sensing.



1.3 Objectives

There is a need to develop a fast and easy fabrication method for creating 3D nanostructures
that can have the potential to miniaturize functional nanoscale devices in the future. The
focused ion beam assisted nanofabrication is a promising technique; however, conventional
direct milling-based methods are limited by speed, and the features having a size lesser than
the beam size can’t be created. In order to develop novel strategies, ion-material interactions
need to be understood. The proposed research is aimed at the capabilities of the focused ion
beam (FIB) for self-organization to achieve control on the processes for periodic 3D
nanostructures on the material surfaces. The control on surface reorganization through ion-
material interactions is proposed to be achieved by the optimization of FIB parameters for
characteristic surface evolutions. The knowledge acquired from the research will be applied

for the fabrication and nanoscale control of self-organization for novel 3D nanostructures.
The work aims at the following objectives:

e Study the ion-solid interactions for self-organization of surfaces.

e Understanding the mechanism behind controlled self-organization.

e Achieving nanoscale control over the morphology of self-organized nanostructures
by utilizing a focused ion beam.

e Develop novel and 3D nanostructures on the surfaces.

1.4 QOrganization of the report
The report is organized in the following manner. Chapter 2 represents a literature review on
focused ion beam instrumentation and relevant ion beam induced self-organization for

nanostructures. Chapter 3 includes the fabrication of nanocones on silicon and gold surfaces



with argon ion beam sputtering. The use of broad ion beam induced gold nanocones for a
hybrid gold-nanocone/graphene/gold-nanohole based surface-enhanced Raman scattering
(SERS) sensor has been proposed by optical simulations. Chapter 4 presents easy control on
the alignment of the focused ion beam induced germanium nanoripples. The anti-reflecting
properties of nanoripples are studied by theoretical calculations, optical simulations, and
experimental measurements. The enhanced light trapping by focused ion beam (FIB) induced
self-organized nanoripples on germanium (100) surface has been demonstrated. Chapter 5
presents the evolution of focused ion beam induced 3D periodic polygonal nanostructures on
germanium (100) surface. Morphological characteristics of periodic nanostructures are
studied by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The
phase transformation and self-organization mechanism are discussed using transmission
electron microscopy (TEM) and Raman spectroscopy. Chapter 6 contains molecular
dynamics (MD) simulations for investigation on FIB induced self-organization of
germanium nanostructures. Gallium ion impingement of 2 keV has been carried out to study
its interaction with germanium crystal at the ion bombardment site with an estimation of
temperature evolution and crystallographic changes. Chapter 7 includes conclusions and an

outlook for future research.



Chapter 2

Literature Review

In this chapter, a review of the broad and focused ion beam induced self-organization has
been carried out. The survey aims to understand ion-solid interactions for self-organization
processes; thus, the literature review was carried out with an emphasis on achieving
morphology control at the nanoscale using broad and focused ion beam as per the objectives
defined in the previous chapter (Chapter 1). The morphological dependence of ion beam
induced self-organization with the operating parameters has been discussed. The potential
use of a focused ion beam for the novel and complex nanostructures has been hypothesized
based on the literature study. Also, the reports on the atomistic simulations of ion beam

irradiation induced damage on materials are discussed.

2.1 Focused ion beam

Focused ion beam (FIB) has been widely used as a nano/micro fabrication and imaging
tool [19,20]. It is analogous to the scanning electron microscope (SEM), where the electron
source gets replaced by the ion source and the lens system is modified accordingly. In FIB,
the electrostatic lens system and gun are different than the SEM. The schematic of the FIB
is given in Figure 2.1(a). A liquid metal ion source (LMIS) is at the top of the FIB column
to produce ions. Gallium is commonly used as an ion source because of its low melting point
(32° C), high mass and low volatility. However, argon, indium, neon, etc., can also be used
as an ion source. By applying a high electric field, ions are evaporated from LMIS and are
focused within a narrow beam by the electrostatic lens system. Passing through the deflector

plate and apertures, the ion beam reaches the sample surface. Upon impact of focused ions
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on the surface, elastic and inelastic collisions happen. The elastic ion-atom collision removes
surface atoms, which is called a sputtering process, while inelastic ion-atom collision results
in the production of secondary electrons and x-rays. These secondary electrons are then
detected, amplified, and analyzed to produce images of the sputtered surface. Thus in-situ
imaging is also possible by FIB. In general, for simultaneous imaging, the column of an
electron beam is attached along with the ion beam. Therefore, it is called a dual-beam

FIB/SEM system, as seen in Figure 2.1(b).

lon source (LMIS) SEM
Suppressor

Extractor

+«— Lens (Condenser)

<— Upper octupole

+~—— Aperture

<—— Scanning octupoles

«——— Lens (Objective)

—— Sample

(a) (b)
Figure 2.1 (a) FIB Schematic, (b) Dual-beam FIB/SEM system.

2.1.1 FIB: primary functions and important parameters
Bombardment of FIB on the surface of the substrate mainly results in physical effects like

(i) sputtering of surface atoms either in neutral or ionized form, (ii) electron emission, (iii)
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displacement of atoms in the solids (damage, defect creation), (iv) photon emission and (v)
ion beam induced chemical reaction at the selected site. These effects can lead to four basic
functionalities of the focused ion beam, namely, 1. Milling (by sputtering and etching), 2.

Deposition, 3. Implantation, and 4. Imaging (See Figure 2.2).

(c) Implantation (d) Imaging

Figure 2.2 Basic functions FIB a) milling, b) deposition, c) implantation and d)
imaging [30].
Selective area milling of the surface atoms happens by sputtering the atoms due to high
energy FIB bombardment, and 2D as well as 3D nano/micro-structures can be
fabricated [30]. Deposition can be achieved by inserting some precursor molecules (mainly
gases) in the chamber near the ion beam spot. The interaction of ion beam, surface atom and
precursor lead to a chemical reaction, and the resultant product gets deposited on the surface.
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This process can also be called FIB-CVD (FIB — Chemical Vapour Deposition) [30]. The
FIB-CVD process is highly suitable for the fabrication of 3D functional nanostructures [30].
When the ion beam is bombarded with much higher kinetic energy such that ions get
penetrated up to a certain depth on the surface, they get implanted on the surface as an
impurity atom and make the crystalline surface amorphous. This is called the implantation
process. The implantation process is mainly used in the semiconductor industry for doping

intrinsic semiconductors with impurity atoms.

FIB process involves important parameters associated with the operation such as ion beam
energy (i.e., acceleration voltage), beam current, dwell time, ion dose (i.e., ion flux or ion
fluence), incident angle, beam overlap, etc. Optimization of these parameters depending on
the substrate material and desired FIB operation is essential while doing the FIB fabrication

process. These crucial FIB parameters are defined as follow,

» Energy (Acceleration voltage):
To extract and accelerate the ions from LMIS, an acceleration voltage is applied. The
energy and velocity of the ions depend on the applied acceleration voltage. It is usually
expressed as kV or keV. The penetration range inside the material will be higher for the
ions accelerated with higher acceleration voltage. In general, the acceleration voltage of
30 kV is used [21,30].

» Beam current:
The aperture size and condenser lens control the beam current through the ion beam
column. For the higher beam current, the aperture will allow an increased number of ions

to pass through the column, and thus, the diameter (beam size) of the beam will be higher.
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Hence, a smaller beam current is required for the higher resolution, but the smaller beam
current will significantly decrease the throughput. The unit of beam current is nA or pA.
Dwell time:

The duration of beam irradiation at each position (pixel) is known as dwell time.
Generally, the dwell time is in the range from s to ms. The higher value of dwell time
leads to an increased depth of the milling features.

lon dose:

The number of ions bombarded per unit area is known as ion dose. The product of total
dwell time and beam current is proportional to the number of ions bombarded on the
surface. lon dose is expressed with unit ions/cm?.

Incident angle:

lon impingement angle onto the target sample is known as an incident angle or the angle
of incidence. The angle of incidence is defined with respect to the surface normal of the
sample substrate.

Beam overlap:

As shown in Figure 1.4, during FIB scanning on the surface, after the set dwell time, the
beam position is moved to the next pixel position (depending on the set pixel size)
towards the scanning direction. When FIB is moved, the beam is blanked until it is
positioned at the next pixel position. The beam overlap is defined by the step size (pixel

size), as illustrated in Figure 2.3.
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Figure 2.3 Illustration of beam overlap with different pixel sizes. The pixel size is lesser

7Y

than the beam size for positive beam overlap, whereas it is greater than the beam size for
negative beam overlap.

2.1.2 FIB: applications and capabilities

The focused ion beam is widely used in the areas of fabrication, surface modification and
surface analysis. Nano/micro photonic crystals, MEMS/NEMS devices, TEM sample
preparation, 2D/3D micro/nano-structure fabrication, mechanical machining tools,
biological tools, microfluidics, etc., are the applications where fabrication capabilities of FIB
have been utilized. Milling and deposition are two main tools of FIB which enable us to
create simple (planner) as well as complex (3D nanostructures) on a variety of substrates
(Figure 2.4(a) & (b)) [30]. Self-organized nanoripples can also be produced by ion beam
bombardment on the substrates (Figure 2.4(c)) [9,30,31]. lon beam irradiation can also be
used to modify carbon nanotubes (CNT) and graphene surfaces to generate temporary and
permanent defects [32,33]. It can also be used for site-specific functionalization of graphene
and CNT, which can be used to fabricate all carbon sensing devices [34]. Joining/welding of

CNT and graphene has also been observed.
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Figure 2.4 Examples of fabricating different nanostructures by FIB. (a) Nanoholes array

milled through SOI wafer (Silicon on Insulator wafer) by FIB milling [35], (b) nano-rotor
(Complex 3D structure) by FIB—CVD method [36] and (c) self-organized nanoripples by
ion beam bombardment [31].
In a nutshell, FIB is an ideal instrument for fabricating, modifying, and imaging innovative
nanostructured materials and devices. The FIB is a multipurpose tool for milling, deposition,
characterizing, and tailoring the surface of nanomaterials. In a dual-beam FIB/SEM system,
by using an SEM gun, in-situ imaging and characterization can also be done simultaneously
while FIB is running. 2D as well as complex (3D) nano/micro-structures can be fabricated

on the variety of substrates using milling and deposition features of FIB.

2.2 Self-organized nanostructures by ion beam irradiation

The study of nanostructures and sub-nanometer-sized structures is of great interest today
because of their novel applications and efficient performance. Two ion beam irradiation
approaches can be mainly followed: (1) broad ion beam irradiation and (2) focused ion beam
irradiation. Both the approaches have advantages and disadvantages based on the governing
processes and due to the difference in energy imparting on the surface. Hence, it is useful to

survey the self-organization processes owing to both these approaches.
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2.2.1 Broad ion beam induced nanostructures

lon beam sputtering (IBS) is one of the most explored techniques to fabricate nanostructures
by self-organization of surfaces under the irradiation of energetic ions [9]. Submicron ripples
and nano/micro-dots on the surfaces are repeatedly reported to be formed after ion beam
sputtering [9,31,37-40]. Ripple orientation hugely depends on the incidence angle and the
ion beam projectile direction. lon beam sputtering induces surface erosion and strain on the
substrate. It creates surface energy disequilibrium, which leads to relaxation and self-
organization of surface atoms to minimize surface energy. And, as a result, nanostructured
ripples are created on the substrates [31,37—40]. Important structural features of ripples like

wavelength, height, period, and orientation depend on the irradiation parameters like type of

ion, ion doses, angle of incidence, the energy of ion, and irradiation duration.

Ion | Beam Ion | Beam
ion

A’

sputtered

V

1 hg0)

surface
diffusion

(a) Local l.\)linima (b) Local Maxima (b) Process of Pattern Formation

Figure 2.5 Schematic diagrams to understand surface imbalance during ion beam erosion
of the surfaces: (a) the surface minima erodes faster than, (b) the surface maxima because
the energy has to travel fewer distances (solid lines) to sputter nearby atoms than the local

maxima. (See points A and A’) [9,41]. (c) The process of pattern formation [42].
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Table 2.1 Important contributions for the theoretical understanding of ripple formation.

Year Contribution Reference

1969 | Theoretical understanding of ion sputtering mechanism and Sigmund P. [43]

sputtering yield

1973 | Surface roughening mechanism leading to ripple formation. Sigmund P. [44]

1988 | Theory for ripple surface formation with Bradley & Harper’s Bradley and
second-order linear equation and wavelength dependence on Harper [5]

temperature and ion flux

2002 lon-induced smoothing and morphological evolution of Makeev, Cuerno,
ripples on amorphous surfaces and Barabasi [41]
2014 | Modification of Sigmund model accord with surface energy Bradley and
distribution of ion sputtering via MD simulations Hans [45]

Important contributions for the development of ripple formation theory are listed in Table
2.1. Sigmund did the first theoretical understanding for the sputtering process of energetic
ions on the substrate and formation of nanostructures in 1973 [9,44]. Sigmund suggested that
on sputtering of the ions with the off-normal angle to the surface, the sputtering rate at the
site depends on the curvature of the local site (Figure 2.5(a) & (b)). When the curvature of
the surface is formed due to erosion by ion sputtering, the further sputtering depends on the
local surface rate, which is now different at the different surface curvatures. At the surface
minima, further erosion will be faster than the surface maxima, creating one surface minima
adjacent to the surface maxima. This leads to the creation of wave-like ripples and increases
the roughness of the surface (Figure 2.5(c)). Such instabilities on the surfaces are the cause
of nanostructure formations [9,44,45]. The sputtering behaviour can be expressed by the

proportionality relation of the probability of sputtering with the curvature of the surface as,

dh 0%h 0%h
E=Sxﬁ+sya_yz (2.1)
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Where Scand S, are sputter roughness parameters for x and y-direction and h is the height of
the surface, which is taken as h(r,t) at a position r = (x,y) and time t. The changes in h
over time occur based on the roughing and smoothing processes depending on parameters
and curvature after erosion, as seen in Figure 2.5. Based on Sigmund’s work Bradley and
Harper developed the first model for low amplitude ripple formation [44,45]. Modified
Makeev, Cuerno, and Barabasi theory (MCB theory) introduce an ion-induced smoothing
mechanism via preferential sputtering without mass movement on the surface [44-46,5,41].
Which, on the latest modification by Bradley and Harper’s second-order linear equation, is
proposed to explain the smooth-ripple phase transition occurring at a critical ion-incidence

angle [45]. The equation can be given as,

oh_ _, , 0h  9%h  0h 9% 0% 2,
ot 0TV TGz T gz T Pxga T Py gys (22)

Where V is the average erosion rate. The second term for the uniform motion of the surface
features along the x-direction. Parameters vy and vy are ion-induced roughening coefficients,
which were originally calculated by Bradley and Harper [5,45]. The value of vy is always
negative, but vy is initially negative at a lower incidence angle and it increases to become
positive at a higher incidence angle. Dy and Dj, are the coefficients of the ion-induced
diffusion in the x and y directions. Such a diffusion mechanism originates from selective
sputtering, as discussed earlier, and it does not involve actual mass movement. Bradley and
Harper have proposed that the wavelength dependence of ripple to be related to the temperature and

the ion flux at high temperature and low ion flux to be expressed as,

_AE> (2.3)

1
A~ (fT) zexp (ZkBT
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Where f is ion flux, T is temperature, AE is thermal activation energy and kB is Boltzmann
constant. This type of behaviour has been experimentally confirmed by many researchers [17]. In
the following sections, the experimental reports of broad ion beam and FIB induced

nanostructures are reported.

The self-organization driven by a broad ion beam has been widely demonstrated to create
nanoscale and microscale structures via irradiation on different surfaces (see Figure 2.6) such
as nanowires on aluminium [11], silicon surface with nanodots [12], and nanowires on gold
induced by ion irradiation [13]. The nanoripples and nano/micro-dots on the surfaces are
repeatedly reported to be modulated by the optimization of ion beam incidence direction,

dose and beam energy [13,31,37-39].
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Aluminium nanowires  Silicon nanodots Gold nanowires
Figure 2.6 Broad ion beam induced nanostructures on surfaces. (a) transparent aluminium

nanowires [11], (b) silicon nanodots [12] and (c) gold nanowires [13].

The mechanism of surface texturing is majorly explained by the theory suggested by Bradley
and Harper [5] through the competition between selective erosion and surface diffusion

effects [5,6]. The self-organized surfaces on the metal have beneficial electrical and optical
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properties such as transparent conducting aluminium nanowires [11] and gold nanowires,
giving improved surface enhanced Raman spectroscopy (SERS) response [13]. Diego et al.
reported that the aluminium nanowire electrodes show interesting anisotropic conductivity
behavior and exhibit 40% optical transparency [11]. The enhanced optical response by gold
nanowires implies their potential use in optical sensing applications [13]. It should be noted
here that the self-organization process by broad ion beam is easy, faster and also it produces
nanostructures over the large area on the surfaces [11-13,31,37-39]. However, the broad ion
beam induced structures are having simple morphologies such as nanoripples, nanowires and
nanodots; thus, it can be summarized that the formation of complex morphologies using
broad ion beam irradiation is a challenge. The reports of broad ion beam and focused ion
beam induced nanoripples and nanodots demonstrate the dependency of germanium
nanostructure’s topography on the various broad ion beam parameters such as dose, energy
and angle of incidence has been studied [14-17]. The irradiation is uniform on the surface
with a broad ion beam, whereas the site-specific irradiation on a finite size can be achieved
using a focused ion beam. Broad ion beam source involves control parameters such as dose,
energy, beam current, time, and angle of incidence. In contrast, a focused ion beam provides
additional control parameters such as beam size and beam overlap. In order to attain precise

nanoscale control over the self-organization, the focused ion beam can be used.

2.2.2 Focused ion beam induced nanostructures

Recently focused ion beam (FIB) has attracted many researchers towards its capability of
forming well-ordered nanostructures via self-organization. Lithography by focused ion beam

(FIB) has its limitations of beam diameter (least possible beam diameter is 5 to 10 nm
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depending on ion source), which limits direct writing of few nanometers and subnanometer
features on the various substrates [37].

2.2.2.1 Nanoripples/nanowires

Controlled ion beam parameters lead to the formation of well-ordered and aligned self-
organized nanostructures. Aligned and ordered nanoripples on surfaces like LaAlO3 (100),
SrTiOs (100), and Al2O3 (0001) induced by Ga* focused ion beam are shown in Figure
2.7 [40]. On the increase of ion fluence, the wavelength was observed to be increasing [40].
Datta et al. reported the real-time investigation of ripple structures on a diamond surface

induced by focused ion-beam bombardment (Figure 2.8) [46].

———r_ VL

Figure 2.7 Nanoripples on LaAlOs (100) surface, SrTiOs (100), and Al03 (0001) induced
by 30 keV Ga* focused ion beam with ion flux of 1.9 x 10'® jons/cm?s [40].
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(a)

Figure 2.8 (a) FIB and (b) AFM micrographs of the self-organized ripples created by FIB

with ion dose 1.3 x 10 ions/cm?, incident angle of 55° and energy 50 keV. The amplitude
of nanoripples is 10 nm [46]
The dependency of ripple features with ion beam parameters was studied by varying
parameters such as incident angle, ion beam energy and ion beam doses. At a lower incidence
angle, the surface was smooth, and the nanoripples were created at 40° and 50° for 50 keV
and 10 keV beam energies, respectively. With a further increase in the incident angle beyond
75°, nanoripples were broken down. Therefore, the morphological evolution of the diamond
surface under the FIB bombardment can be categorized into three stages with increasing
incidence angle, (i) a smooth surface, (ii) a surface with well-defined ripple topography, and

(iii) a surface with broken ripple topography.

The wavelength of nanoripples was observed to be increasing with the increase in the ion
beam energy; however, the ion flux did not affect the wavelength of nanoripples on the
diamond surface [46]. The evolution of nanoripples wavelength, amplitude and dependency
on the critical incidence angle was found to be following the predictions made by MCB

theory expressed by equation 2.2 [46]. Keller et al. reported tuning and repairing of
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nanoripples by sequential ion beam sputtering at different angles after the formation of
ripples. After the formation of the ripple of order 25 nm at the first step, the sample was
rotated at an azimuth angle 90° and the second sputtering at a grazing angle with low energy
was achieved. This resulted in increasing the order for ripples obtained after the first step of
irradiation [47]. In this study, it was shown that the quality of nanoscale ripple patterns could
be considerably improved by sequential ion-beam sputtering, which acts like cleaning and
repairing defects. During sputtering at grazing incidence, when the ion beam is oriented
parallel to the ripples, the density of topological pattern defects decreases exponentially with
fluence. The authors reported 40% reduction in defect of nanoripples, keeping the order of
25 nm persistence. This research shows a novel way to improve nanoripples without

disturbing the already obtained structures.

Aziz et al. reported an interesting evolution of nanoripples formation via ion sputtering on
Si (111) surface and tried to quantify the order of ripple formation [48]. lon irradiation with
uniform energy was used in order to achieve the spontaneous formation of ripple and dot
patterns. The effect of variations in fabrication conditions and ion parameters, such as current
density, ion flux and ion energy, on the nanostructures formed on Si (111) surfaces were
studied. It was observed that for low and high fluences, the modes of ripples were parallel
and perpendicular, respectively, to the ion beam projection. In the intermediate case, the
parallel ripples were being cut by the perpendicular ripples. This phenomenon also got
strengthen by quantification of normalized defect density, the high defect density at
intermediate state can be attributed to features that have maximum defects in ripple
structures. Variation in nanoripples with ion energy was studied, and it was observed that

one could get fine and ordered nanoripples for the higher bombardment energies. At 1000
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eV, both ripple modes were observed, but only single-mode ripples were observed for other
energies. The actual reason for this phenomenon has not been understood yet. However, it
was clear that for higher bombardment energies, the order was high. This phenomenon of
appearance of both the parallel and perpendicular ripple mode can lead to the formation of a

highly ordered and closely packed 2D array of nanodots [48].

It has been known that nanoripples can be fabricated by the non-normal bombardment of
FIB on surfaces. Nanoripples can be achieved with high-order and uniform amplitude with
the optimization of FIB parameters depending on the surface. In general, ripple formation is
explained by Bradley-Harper mechanism [5] with ion incidence on the non-normal angle
beyond a certain critical angle [31,40,46]. However, Aziz et al. in 2003 reported rare and
spontaneous ripple formation on normal FIB bombardment attributed to linear propagation

of FIB induced micro-explosions in the FIB scanning direction [49].

The nanoripples in Figure 2.9 were fabricated on the germanium with 30 keV Ga* FIB, and
the raster scanning was performed with 50% beam overlap, and the ion dose was 1.04 x 108
ion/cm?. The observed orientation of ripples in the direction of fast scanning was further
confirmed by changing the raster scanning direction. It can be seen in Figure 2.9 that ripples
are oriented in the fast scanning direction, and for the raster scanning by 90°, the ripples are
aligned with the new orientation (Figure 2.9(b)). Also, for the spiral scanning from the center
to the outward direction, the ripples were spirally oriented (Figure 2.9(c)). These results are
interesting to create the desired patterns by varying ripples orientation, but the approach is

not preferable for highly ordered nanoripples.
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Figure 2.9 FIB induced nanoripples on germanium surface. SEM images showing that the
ripples tend to orient towards the fast scan direction, as indicated by red arrows [49].
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2.2.2.2 Nanodots

Self-organized nanostructures by FIB irradiation are not just limited to the nanorippled
structures, but size and site-specific nanodroplets and nanoparticles can also be created by
FIB irradiation [50-53]. Ga nanodroplets are created by raster scanning Ga* FIB over GaAs
surface [51,50]. The incident angle of the ion beam can control the droplet diameter;
increasing the incident angle decreases the size of the resultant droplets, as shown in Figure

2.10.

Diameter (nm)

50 ®
. 0 llO Zb 310 4IO 5.0
Incident Angle (°)
Figure 2.10 SEM images of FIB induced Ga droplets on the surface of GaAs at different
incident angles of the ion beam [50]. Droplets over the edge and trench of the scanned
region are shown with varied incident angles: (a) 0°, (b) 17°, (c) 35°, (d) 50°.

Corresponding SEM images inside a trench are shown in (e)-(h). (i) The diameter of

nanodroplets with the function of the incident angle of the ion beam. The scale bar is 1 pum.
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The higher sputtering rate for As atoms from the surface of GaAs plus impinging Ga ions
lead to Ga rich surface, which results in the formation of Ga droplets. An increase in the ion
beam irradiation time increases the diameter of Ga droplets. These droplets are sparsely

distributed over the surface, but it is important to note that they are not periodically spaced.

Figure 2.11 FIB induced nano and micro dots. (a) Indium nanodots on InP (100)

surface [54] and (b) nanodots on beryllium surface [55].

The instinctive formation of indium nanodots on InP (100) surface via focused ion beam
irradiation was reported to be uniformly distributed over the surface [54]. The formation of
these nanodots was not only attributed to self-organization but also due to the surface
becoming indium-rich during the ion beam irradiation. During the Ga* FIB irradiation in a
serpentine manner, the indium atoms aggregated and formed microscale droplets on the
surface (see Figure 2.11(a)). It is evident from the SEM image that the low ion fluence (8.7
x 10% cm™2?) created smaller dots (left), and the high fluence (1.7 x 10 cm™2) resulted in
bigger dots (right) due to excess aggregation. The size of the smaller nanodots is around 42
nm in diameter and 7 nm in height. Another exciting example of nanodots formation with
focused ion beam induced self-organization is on the beryllium surface, as shown in Figure
2.11(b) [55]. These quasi-periodic nanodots are formed due to the differential etch rate along
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the polycrystalline beryllium surface during the ion beam treatment. These reports suggest
the possibility of density-controlled and size-controlled nanodots with varying parameters of
FIB. However, these surface structures are either quasi-periodic or sparsely distributed, and
they do not form periodic arrays on the surface.

2.2.2.3 Nanoholes

Germanium is an interesting material when considered self-organization with ion beam
irradiation, as it can produce nanoripples and porous surface (with nanoholes) on ion beam
treatment [49,56,57]. Roman et al. studied the transformation of the smooth surface of
germanium to nanohole patterns to sponge-like porous structures with fast scanning of
focused ion beam [57]. The authors recognized that the formation of holes and sponge-like
layers is driven by the kinetics of the ion beam induced defects and viscous flow along the
exposed germanium surface. The hexagonally shaped and quasi-ordered nanohole patterns
were reported on the germanium surface with Ga* broad ion irradiation as well as fast

scanning of Ga* focused ion beam (see Figure 2.12) [56].

Transmission electron microscopy (TEM) images (see Figure 2.12(c & d)) show that the
holes have significantly less aspect ratio and they can be termed as surface features due to
low depth of around 10 nm. In both cases, the energy of bombarded Ga* ions was set as low
as 5 keV. The dose required for the identical morphologies was five times lesser in the case
of broad ion beam irradiation than that of the focused ion beam. This suggests that the surface
coverage is more critical than the ion dose for this kind of nanoholes on a germanium surface.
Authors have claimed that (i) the ion-induced drift and (ii) selective sputtering is the driving

force behind the occurrence of surface instabilities during ion beam irradiation [57]. The
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instability mechanism induced by the competition between these two effects leads to the

morphology evolution towards the relaxed surface having nanoholes.

Figure 2.12 SEM images of nanoholes induced by (a) FIB irradiation and (b) broad ion

beam irradiation [56]. Cross-sectional TEM images of nanoholes induced by (c) FIB
irradiation and (d) broad ion beam irradiation.
Again, it should be noted that these nanodots (Figure 2.12) are surface features with a depth
of about 5 to 10 nm, and they are quasi-periodically arranged. The nanostructures which are
entirely due to self-organization without any material removal are having low-aspect-
ratios [55,56]. The attempt of alignment control during the FIB induced self-organization
leads to erosion of some material (Figure 2.9), and it creates quasi-aligned structures with
high-aspect-ratios [49]. Hence, further optimization of FIB parameters can lead to the

realization of complex morphologies with high periodicity.
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2.2.3 Molecular dynamics (MD) simulations for self-organization

The atomic-level studies like classical molecular dynamics (MD) simulations are useful to
investigate interactions of the energetic ion beam with materials. Sule and Heinig reported
in 2009 that using the proper pseudo-potentials and the system, the MD simulation can be
carried out to understand the nano-ripple formation on Si surface under non-normal Xe*ion
beam irradiation [58]. They used Tersoff potential for Si crystal and Ziegler—Biersack—
Littnark (ZBL) [59] repulsive potential for ion-atom interactions. The simulation results are
shown in Figure 2.13. To reduce the simulation time, the pre-predicted erosion modal was
used to create an initial simulation set up of the ripples, as shown in Figure 2.13(a). This was
a sinusoidal model of generated ripples. Once simulation initiated, with impact of 1000 ions,

the grown ripples appeared as shown in Figure 2.13(b) and cross-section in Figure 2.13(c).

0

Figure 2.13 The screenshot of the simulation box, initially wavelength was 50 nm (a)

before impact and (b) after the impact of 1000 ions. (c) cross-section of grown ripple after
1000 ion dose (the solid line indicates the initial state of ripple) [58].

With further increase of the ion dose during the above simulation, it was observed that the
ripple growth was persistent, and the saturation demonstrated the wavelength and ripple

height, as shown in experimental observations [46,58]. Though the above simulations appear
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identical to experimental observations, they are incomplete. These simulations are limited to
already grown ripples, and the generation of ripples has not been considered. However, the
simulations confirm that the replication of self-organized ripple induced by ion beam can be

simulated with certain limitations with careful considerations and assumptions.

Attempts to study the interactions between impinging ions and the atoms of the target surface
to study self-organization dynamics were reported to be made with atomistic simulations
using MD methods [60-67]. The formation of nanopores via focused ion beam milling on
the graphene was reported by MD simulations for the interactions of energetic ions with
graphene sheets [65,66]. It was determined that not only cutting of nanopores but also joining
of graphene layers at the edges of nanopores was possible using ion beam irradiation. The
MD simulations can also be utilized to investigate defects and alteration of mechanical
properties due to ion beam irradiation [68]. It was observed that the extent of crystallographic
damage and morphology of nanoholes on the crystalline silicon substrate is dependent on the

orientation of the exposed facet and incident angle of ion bombardment [67].

Recent reports on MD simulations using LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) for interactions of Ga* ion beams with germanium and silicon
surfaces utilize hybrid Stillinger—Weber (SW) & ZBL potentials [59,69,70]. The
interactions between Ge—Ge and Si—Si was defined by the modified Stillinger—Weber (SW)
potential [70], and the high-energy collision interactions between Ga* and Ge atoms (or Ga*
and Si atoms for silicon) was defined by the Ziegler—Biersack—Littnark (ZBL)
potential [59,62]. The MD simulations can reveal important insights to understand the ion
beam induced damage on the materials [67,67,71]. From the MD simulations, the change in

the temperature due to ion beam irradiation can be predicted using the average kinetic energy
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of the atoms at a specific region [72]. In order to investigate the effect of the ion beam on the
materials, it is required to bombard ions with a particular interval of time. This ensures that
the system is stabilized against the sudden increase in temperature due to Kinetic energy
transfer from incident ions to the atoms of the sample [62]. The information acquired by MD
simulations such as morphology evolution, crystallographic phase transformation, local
heating induced effects due to temperature spike, material self-diffusion, and induced strains

can be useful to predict and understand the ion beam induced self-organization process.

2.3 Summary

In summary, the fabrication of self-organized nanostructures by focused ion beam is
discussed. Self-organized nanoripples, nanodots, and nanoholes have been reported to be
formed by broad and focused ion beam irradiation on various surfaces. When irradiated with
an ion beam, the atoms in the convex region erode faster compared to the concave regions
providing selective erosion and micro-scale explosions, which lead to reorganization of the
surface atoms resulting in the formation of self-organized nanostructures. The dimensions
and periodicity of the self-organized nanostructures depend on the surface properties and ion
beam parameters. As the low dose is required, the self-organizing process using a focused
ion beam is faster compared to the FIB milling process, which gives the advantage of large
throughput on nanofabrication. Though nanostructures are easy to produce with the self-
organization technique, the lack of control over structures in terms of periodicity and
uniformity limits their application. There is also a lack of reports on morphology controlled
self-organized geometries such as squares (and other higher-order polygons) with periodic
spacing. Hence, fabricating 3D complex nanostructures with higher aspect ratios such as

polygonal geometries is a challenge.
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Chapter 3

Improved Enhancement Factor for SERS using
Broad lon Beam Induced Self-Organized Gold
Nanocones

This chapter presents sparsely distributed and self-organized gold-nanocones fabricated by
broad argon ion beam sputtering on the gold and silicon surfaces with grazing incident angle.
The rotation of the sample with respect to the vertical axis has been found to influence the
morphology of the obtained nanostructures. The ion beam irradiation of the gold sample
leads to the formation of nanoripples when the sample is held stationary; otherwise,
nanocones are formed if the sample is rotated during irradiation. A hybrid gold-
nanocone/graphene/gold-nanohole based surface-enhanced Raman scattering (SERS) sensor
is proposed and shown to exhibit an enhancement factor of 10° via finite-difference time-

domain (FDTD) simulations.

3.1 Introduction

lon beam sputtering is a widely used tool as a mask-assisted dry etching tool for the
fabrication of MEMS (Micro-Electro-Mechanical Systems) and electronic devices. This
work aims to achieve uniformly distributed and large-scale nanostructures on metal and
semiconductor surfaces using a mask-less fabrication route. Recently ion beam sputtering
(IBS) technique has attracted researchers towards its capability of forming nanostructures
via self-organization of the surface atoms. Surface erosion and strain induced by ion beam
bombardment result in the reorganization of surface atoms to minimize the surface energy,

and nanostructures are formed on the surface. During the ion erosion, the atoms in the convex
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region erode faster compared to the concave regions [5]. Such selective erosion and micro-
scale explosions lead to reorganization of the surface atoms resulting in the formation of self-
organized nanostructures. Suitable parameters of IBS lead to a mask-less fabrication of
uniformly distributed nanostructures on the surface, like gold nanowires on polycrystalline
gold film[13]. The authors reported that in order to produce gold nanowires, the
polycrystalline gold film (thermally coated on soda-lime glass) was bombarded by a broad
argon ion beam of 800 eV at a grazing angle (82° with respect to the surface normal), with
5.5 x 10* jons/cm? ion dose [13]. The technique has also been demonstrated for producing
transparent and conducting aluminium nanowires [11]. In this process, the ion beam energy
was kept at 800 eV, and the incident angle of the ion beam was 82° with respect to the surface
normal. During argon ion treatment, the chamber pressure was kept at 4.4 x 10™* mbar.
Silicon nano-cones formation on low energy ion beam irradiation has been widely studied
by researchers [73-75]. Ming Lu et al. reported 1.5 keV Ar* induced nano-cone structures
on silicon (100) surface in the presence of stainless steel as a sacrificial layer kept adjacent
to the exposed area of the silicon sample [73]. They reported that randomly distributed
nanoscale Fe and Cr clusters were formed due to the re-deposition of sputtered atoms from
stainless steel. These clusters acted as masks, and nano-cones were formed on further
sputtering of silicon surface [73]. On changing the incident angle of the argon ion beam from
63° to 83°, Basu et al. reported nano-ripple transition from parallel (in this case, wave vector
is parallel to projected ion beam) to perpendicular mode. However, in the intermediate state
at 72.5° incident angle, nano-cones were obtained [73]. It was also reported that the nano-
cone formation on silicon, by ion beam irradiation at 600°, was independent on the

crystallographic orientation of silicon surface but it was strongly dependent on the co-
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deposited elements on the surface from adjacent sacrificial metal [75]. Gold nanodots and
nanocone surfaces are also interesting due to their potential applications such as local surface
plasmon resonance based enhanced molecular sensing [76,77]. However, the ion beam
irradiation has to be controlled, and sputtering parameters have to be optimized to get gold

nanocone/nanodots over the surface.

Surface-enhanced Raman scattering (SERS) is a widely used technique to develop high
sensitive molecular sensing devices using metal nanostructures [78,79]. Several
nanostructures have been reported for SERS applications such as gold nanoparticles [76,80],
gold nanowires [13], silver nanoparticles [81], gold nanovoids [82], and dried silver
colloids [83,84]. Though metal nanospheres have been widely utilized as SERS substrates,
sandwiched nanostructures with nanometer-sized gap have been shown to enhance the SERS
signal significantly [13,76,78,80,82]. Hybrid nanostructures such as metal/2D-materials,
metal-nanostructures/2D-materials have been studied extensively, as reported in the
reference [78]. In these studies, the metals used are gold, silver, or copper and 2D-materials
are graphene, single-layer molybdenum disulfide, or boron nitride. The use of graphene as
an atomically thin spacer between silver nanoparticles has been shown to provide a huge
improvement in the enhancement factor as the near-field enhancement and scattering depend
on the geometry and the dimensions of nanomaterials [78,79,85]. Raman scattering, being a
non-linear process, the direct prediction of signal by simulations is difficult. However, the
signal enhancement can be estimated by measuring the extent of scattering enhancement
numerically via finite-difference time-domain (FDTD) simulations. The enhancement factor

(EF) is taken as [76,81],
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IEI*
EF = <IE_0|> (3.1)

Where E is the local maximum electric field, and Eo is the input source electric field [76,81].
Closely placed metal nanostructures undergo strong LSPR (localized surface plasmon
resonance) coupling, and huge SERS enhancement can be achieved. For example, the EF of
2.1x10° for silver nanoparticles over graphene/silicon substrate was reported demonstrating

the advantage due to graphene [81,86].

In the following sections, the formation of self-organized and sparsely distributed nanocones
on the gold and silicon surface is experimentally demonstrated via argon ion beam
bombardment. The effect of a sample rotation is studied on the final morphology of the
nanostructures. By utilizing the morphology of obtained gold nanocones, a high
enhancement factor of SERS is predicted from the hybrid gold-nanocone/graphene/gold-

nanohole tri-layers system via FDTD simulations.

3.2 Experimental details

In order to get nanostructured surfaces, grazing-angle argon ion beam bombardment was
performed on the gold and silicon surfaces. A gold film of 95 nm thickness (5 nm chromium
for adhesion) was thermally deposited on glass using a thermal evaporator (Vacuum Coating
Unit, Model 12A4D; Hind HiVac, Bangalore, India) at 1x10® mbar pressure. Before the
experiment, silicon (100) wafers were cleaned using RCA solution. Subsequently, the silicon
wafer was cleaned by ultra-sonication in an acetone bath and de-ionized water bath. Finally,
before using for the experiment, the wafer was dried using nitrogen gas. At room
temperature, the gold surface was treated by grazing-angle (at 82° to the surface normal)

argon ion beam (KDC 40 4-cm DC ion source; Kaufman & Robinson, Inc., Fort Collins,
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USA) irradiation with accelerating voltage 400 V and current 42 mA. The chamber pressure
was maintained at 6.1x10* mbar, and the specimen was irradiated for 1020 s to get the total
ion dose of 2.168x10% jons/cm?. The ion beam irradiation experiment was repeated for the

silicon surface with keeping source and chamber parameters the same.
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Figure 3.1 Schematic of the IBS experiment. Sample (Au-on-quartz or silicon wafer) on a

rotating sample holder under ion beam irradiation.

The schematic of the experimental setup is represented in Figure 3.1. The sample holder was
made up of copper, and there was a provision of rotating the sample holder on its vertical

axis by 30 revolutions per minute (rpm). Hence, in order to obtain different morphologies of
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the nanostructures, the experiment was carried out with- and without- rotation of the sample

with respect to the vertical axis.

The atomic force microscope micrographs were obtained using the Agilent 5500 scanning
probe microscope (Agilent Technologies). Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) was carried out for the characterization of
nanostructures using the field emission gun-scanning electron microscope (FEG-SEM)
model JSM-7600F FEG-SEM (JEOL Ltd.). Further UV-visible reflection characterization

was performed using LAMBDA 950 UV/Vis Spectrophotometer (PerkinElmer).

3.3 Results and discussion

In order to investigate the evolution of nanostructures, the morphology investigations are
crucial to carrying out using atomic force microscopy and scanning electron microscopy
(SEM). Also, energy-dispersive X-ray spectroscopy (EDX) was performed to obtain the
details of elements present on the surface of ion beam treated samples. As the aim is to study
enhancement in the optical properties of the nanostructures, the optical absorption behavior

was captured using UV-Vis spectroscopy.

3.3.1 Morphology investigations via atomic force microscopy (AFM)

Atomic force microscopy (AFM) images of the obtained structures on the gold surface can
be seen in Figure 3.2. It can be observed that the formation of nanoripples (Figure 3.2(b))
occurs without rotation of sample during the ion beam sputtering, and nanocones (Figure
3.2(c & e-q)) are formed when the sample is rotated with respect to the vertical axis during
ion beam irradiation. High and low-resolution AFM images at different rotational angles in
Figure 3.2 show that the majority of the nanostructures are conically shaped. Though some
nanostructures resemble nanodots, and others are irregularly shaped, a large proportion of
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the nanostructures retain the pointed geometry. Thus, in general, the shape of nanostructures

could be categorized as a nanocone for numerical studies using FDTD simulations.

Figure 3.2 AFM images for gold nanostructures. (a) The bare gold surface, (b) obtained

nanoripples without sample rotation during IBS, and (c) obtained nanocones with sample
rotation during IBS. (d & e) shows the three-dimensional representation of (b & c). (f & g)
3D representation of nanocones acquired via AFM from different angles.
It is observed that the base diameter of the cone is ranging from 110 to 250 nm, and the height
of the cone is ranging from 20 to 200 nm. The aspect ratio of the nanostructures is ranging
from 1 to 2, and the average aspect ratio is about 1.5. The average surface roughness is 1.6
nm and 14 nm for bare and treated surfaces, respectively. When energetic ions are bombarded
on the surface, surface erosion and diffusion occur, competition between them leads to the
formation of convex and concave regions over the surface [5,13]. Due to the geometry of the
convex region, diffusion and erosion rate for atoms on the convex surface is higher than that

of the concave surface, which leads to the formation of self-organized nanostructures such
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as nanoripples and nanowires [5,13]. In the present work, the rotation of the specimen with
respect to the vertical axis leads to the formation of broken nanoripples. And, with a suitable
dose of 2.168x10% ions/cm?, conically shaped self-organized nanostructures are formed

instead of nanoripples/nanowires.

2.5 Qv
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Figure 3.3 AFM images for silicon nanostructures. (a) The bare silicon surface, (b)
obtained densely distributed nanocones without sample rotation during IBS, and (c)
obtained sparsely distributed nanocones with sample rotation during IBS. (d) & (e)
represents the three-dimensional views for (b) & (c), respectively. (f & g) are high-
resolution images for obtained nanocones in (c).
In the case of the silicone surface, the surface underwent identical morphological changes in
either state of sample rotation. Nanocones are observed to be formed in both the rotation
conditions for silicon surface. As seen in Figure 3.3(b), silicon nano-cones are more densely

distributed over the surface when the sample is steady. While nanocones are less sparsely

distributed when the sample is rotated with respect to the verticle axis (Figure 3.3(c-g)).
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For the silicon surface, the base diameter of the nanocone is ranging from 150 to 300 nm,
and the height of the cone is ranging from 50 to 130 nm. Without rotation, the average surface
roughness for nanostructured silicon was 24 nm. When samples were treated with rotation,
the average roughness for silicon nanostructures was 27 nm. It is evident from the average
roughness measurements that the crest and troughs of the nanostructured surface on silicon
is having the same range for both the experiments and unlike the gold surface, it does not

depend on the rotation condition of the sample holder.

3.3.2 Characterizations via scanning electron microscopy (SEM)

Scanning electron microscopy and energy-dispersive X-ray spectroscopy characterization of
samples were carried out using the field emission gun-scanning electron microscope (FEG-
SEM) model JSM-7600F FEG-SEM (made by JEOL Ltd.). Figure 3.4 shows SEM images
for bare as well as nanostructured surfaces of gold and silicon. It could be observed that
nanostructures are uniformly distributed on both surfaces. It is also noted that the bare
surfaces are cleaned and completely smooth. While after the broad ion beam treatment,
surfaces are showing some morphological changes. In these experiments, as the ion
bombardment is in grazing angle (82°) with respect to the surface normal, less Kinetic energy
is imparted on the surface atoms. Thus, the sputtering would be relatively less compared to
the situation where ion beam bombardment is normal to the surface. Therefore, the
morphological evolution would be dominant by the self-organization of surface atoms

instead of sputter induced structures.
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 (a) | Bare Gold IE. Gold nanocones

Bare Silicon

Figure 3.4 SEM images of gold and silicone surfaces. (a & c¢) bare surfaces and (b & d)

nanostructures formed with sample rotation during IBS.

Table 3.1 Energy-dispersive X-ray spectroscopy (EDX) results for bare surface and

nanostructured surfaces.

Gold surface Silicon surface
Element Wt% Wt% Wt% Wt%
(Treated surface) | (Bare surface) (Treated surface)|(Bare surface)

C 13.87 16.07 13.17 11.21
(0] - 1.68 - -

Si 10.29 12.37 81.58 74.06
Cr 0.82 0.94 -- --
Ni 1.49 - -- -
Cu 7.19 - 5.25 --
Au 66.34 68.57 - -




The EDX analysis reveals an abundance of gold and silicon atoms on gold and silicon
surface, respectively, after the bombardment of argon ions (see Table 3.1). Cr is present in
EDX results for the gold substrate because, before thermal deposition of Au on the gquartz
substrate, a thin Cr layer was deposited to enhance the adhesion of Au with the substrate.
The presence of C and Ni is due to the chamber contaminations. It should also be noted that
copper atoms of approximately 5 weight percentage are present, post argon bombardment,
on the surface of the nanostructures for both gold and silicon samples. The presence of Cu
on the surfaces having nano-cones indicates that the Cu atoms sputtered from the sample
holder are clustering on the sample surface and helping towards the formation of nano-cones
due to selective erosion from the surface [73,75]. The appearance of nanoripples when the

gold sample is not rotating suggests an additional role of self-diffusion in nanostructuring of

the gold surface on the bombardment of argon ions.

3.3.3 Optical reflectance by UV-Visible spectroscopy
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Figure 3.5 UV-vis reflection spectra of nanocones and bare surfaces: (a) for gold surface

and (b) for silicon surface.
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UV visible spectra were acquired in reflection mode gold structures and silicon structures.
The reflection spectra for bare and nanostructured surfaces are shown in Figure 3.5. The
optical reflection beyond 530 nm was found to be reduced for the gold nanocones compared
to the bare gold surface. The optical spectroscopy revealed 7% to 10% low reflection for a
gold surface having nanocones compared to bare gold surface from wavelength range 530
nm to 1200 nm, suggesting the enhanced light-matter interactions for the gold nanostructures.
Whereas there was a high reflection for nano-cones compared to the bare gold surface for
wavelength below 530 nm. In the case of silicon nanocones (Figure 3.5(b)), around 5 to 8 %
suppression of reflection for the wavelength range 370 to 850 nm.

3.3.4 Optical simulations for a hybrid tri-layered system for improved
SERS response using gold nanocones

It has been reported that nanoparticles [76,80], nanowires [13], and nanovoids [82] provide
good SERS enhancement; hence, the obtained nanocones can be used for the improved the
SERS sensing. In this section, in order to utilize the fabricated nanocones, the tri-layered
system of gold-nanocone/graphene/gold-nanohole is proposed for SERS sensing. The
performance of the proposed system is evaluated via electromagnetic simulations known as
finite-difference time-domain methods using a commercially available numerical solver
(Lumericals, Inc., Canada). The proposed tri-layer system could be realized then by growing
the graphene on the copper substrate as outlined in reference [87] followed by deposition of
a gold film on the graphene layer [88,89]. The nanoholes array can be created on the
gold/graphene via employing direct milling with a focused ion beam, and the gold/graphene
layer can be transferred over the gold nanocones. However, the current work is limited to the

FDTD simulations for the enhancement of the SERS signal from the proposed design.

44



3.3.4.1 FDTD simulations setup: design and graphene modelling

As shown in Figure 3.6, the graphene is sandwiched between the gold nanocones and the
gold nanoholes, which provides an ultra-small gap between the two nanostructures. The
thickness of the gold nanohole layer is 10 nm, with a nanohole diameter of 30 nm and
periodicity of 30 nm in both x and y directions. Though the theoretical thickness of graphene
is 0.35 nm, the measurement attempts have revealed varied thickness due to instrument
offsets such as probe tip-sample interactions as well as folding and wrinkling of graphene
sheet [90,91]. Hence, in this study, 1 nm thick graphene layer was considered for numerical

simulations.

There are two modelling approaches available for graphene in FDTD simulations, namely,
the surface conductivity approach and the volumetric permittivity approach [92,93]. In the
surface conductivity approach, the graphene sheet is defined as a two-dimensional layer with
zero thickness. In contrast, the volumetric permittivity approach describes graphene with a
finite thickness by expressing the conductivity in terms of volumetric anisotropic
permittivity. In our simulations, there is a requirement of defining a finite gap between the
nanocone-tip and nano-hole. Due to the positive permittivity of the graphene in the visible
range [79,93], it behaves like a dielectric material for the visible light. Hence, in order to
account for the finite gap between the two plasmonic structures, the graphene layer is
modelled via volumetric permittivity with a finite thickness of 1 nm. Fermi energy dependent
conductivity of graphene can be expressed using Drude-like approximation [93,94] as

follow,

3 ie?Er )
o(w) = mh (w+ it 1) 3.2)
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Where o is conductivity, w is angular frequency, e is electron charge, E is Fermi energy, h
is Plank constant and t is the relaxation time. Considering charge carrier concentration of 3
x 10% cm?in the graphene, the Fermi level was taken as 0.64 eV. The relaxation time is 0.64
ps. In order to simulate the graphene layer numerically, the in-plane and out-plane

permittivity were defined by the following expression [93,94],

io(w)

8” = & + (33)

EowA

Where g is in-plane permittivity (along xy-plane), €, = 2.5 is out-plane permittivity (along
the z-axis) and A is the thickness of the graphene layer (1 nm). In the visible range, the real
part of permittivity for graphene is positive; hence, graphene behaves like a dielectric in the

visible spectrum of light.

As nanocones are randomly spaced over the surface (Figure 3.2(c & e-g)), three possible
geometrical configurations are considered for the FDTD simulations: nanocone is — (i) far
from the nanohole, (ii) at the center of the nanohole, and (iii) at the edge of the nanohole (as
shown in Figure 3.6(b)). The tip of nanocone is positioned at x =0,y =0and z=-1 nm. A
view from the xz plane in Figure 3.6(c) represents the FDTD simulation setup employed for
the study. A TFSF (Total-Field Scattered-Field) source was used to excite the structures in
the small domain around the nanocone-tip in order to capture the field enhancements. Using
TFSF source allows small simulation regions, as only scattered field reaches up to the
boundaries after passing through TFSF source region. The simulation domain was terminated
with the perfectly matched layer (PML) boundaries with 32 layers in x and y directions to
completely absorb the scattered field that is coming out of the TFSF source. 8 PML layers

were set for z-boundaries in order to lessen the requirement of memory.
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Figure 3.6 Design of proposed tri-layered system of gold-nanocone/graphene/gold-
nanohole for SERS device; (b) different geometrical positions of a nanocone tip with
respect to the nanoholes considered for FDTD simulations; (¢) FDTD simulation setup
when the nanocone is at the nanoholes edge. Nanocone is set with height 90 nm, tip radius

20 nm, base radius 150 nm and cone angle 40°.
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In order to take account of 1 nm thick graphene, the fine mesh was used along the thickness
of the graphene layer. The fine mesh of 0.5 nm was set near the cone tip. However, for the
graphene, the FDTD mesh was set at 0.05 nm in the z-direction (along the thickness), and the
mesh in xy-plane was set at 0.5 nm. The ultra-fine mesh along the thickness of the graphene
provided 20 mesh points in the graphene layer. The optical constants for quartz were taken
from reference [95], and those for gold were taken from reference [96]. Convergence testing

was performed to confirm the stability of simulations.

The enhancement factor (EF) is calculated by collecting electric field distribution across
three different planes such as xz (y = 0), yz (x = 0) and xy (z=—1 nm, at the tip of nanocone)
using the formula in equation 3.1. Provided the flexible nature of the top two layers (hanohole
array and graphene), it is possible that the upper layers would bend downwards, where the
adjacent nanocones in the bottom layer are far apart, or there are nanodots smaller in height
compared to adjacent nanocones. However, in the current study, the ideal situations of flat
top layers are considered to avoid modelling of a curved graphene layer in the numerical
simulations.

3.3.4.2 Improved enhancement factor (EF) for SERS

The maximum enhancement factor, obtained by FDTD simulations, along xz-plane (y = 0),
yz-plane (x = 0) and xy-plane (z=—1 nm, at tip of nanocone) can be seen in the Figure 3.7(a).
The proposed tri-layered system, utilizing the geometry of the fabricated gold-nanocones,
provides strong LSPR coupling between the cone tip and the hole edge and leads to high
electric field confinement, which increases the SERS enhancement factor. For the
configuration where the nanocone is at the edge of the nanohole, the maximum EF of 1.05 x

10° for yz-plane and 5.8 x 108 for xz-plane are achieved with 600 nm wavelength excitation.
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Enhancement Factor (EF) at different planes for different geometrical positions
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Figure 3.7 (a) Enhancement factor (| E|/| E|)*at xz-plane, yz-plane and xy-plane for
different geometrical positions of the nanocone-tip with respect to the nanohole. Dashed
white lines indicate geometrical shapes and interfaces between the layers. xz - and yz -
planes: graphene layer from z=—1 to 0 nm, gold nanohole layer is from z = 0 to 10 nm.
The EF of 1.05 x 10° is almost three orders higher in magnitude than the experimentally
reported 2.1 x 10° for silver nanoparticles on graphene/silicon substrate [86]. The field at the

tip of the nanocone interacts with the field at the edge of the nanohole and provides a stronger

enhancement in the scattered field. Graphene in the nm gap between the nanocone tip and

49



hole edge leads to an enhanced field due to the highly coupled localized field from the
plasmonic structure [79]. The current design predicts 10° times enhancement in SERS than
previously reported Au/Graphene/Au structures [79]. Also, when compared with the
reported SERS enhancement factor of 1 x 107, the current design predicts two order higher
enhancement factor than the theoretical prediction for adjacent (1 nm apart) gold

nanoparticles [80].
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Figure 3.8 Enhancement factor versus the number of graphene layers as a spacer.

It was found that with increase in the number of graphene layers (see Figure 3.8) between
the nanocone and nanoholes, the EF tends to decrease (i.e., ~10° for 5 layers). For the multi-
layer graphene configuration, the gap between the two nanostructures increases, leading to a

decrease in the near-field confinement. Thus, the decreased EF for multilayer graphene is

50



attributed to the increased gap between the plasmonic structures and the increased opacity of

the medium.

3.3.4.3 Effect of nanohole and nanocone-tip radius on EF

In order to check the effect of nanohole diameter on the enhancement factor, the radius of
nanohole was varied from 10 to 25 nm with a constant nanocone-tip radius of 20 nm for the
case when the geometrical position of nanocone is at the edge of nanohole. The enhancement
factor as a function of the nanohole diameter is plotted in Figure 3.9. It can be observed from
Figure 3.9 that the optimum nanohole radius is 20 nm for the highest EF of 1.29 x 10°. This
implies that with a fixed cone-tip radius, changing the hole-radius provides optimum SERS.

Hence, it is better to choose the nanohole radius equivalent to that of nanocone-tip.
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Figure 3.9 Change in EF with an increase in the nanohole radius at a constant nanocone-tip

radius of 20 nm.
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Similarly, when the nanocone-tip radius is varied with a constant nanohole radius of 20 nm,
it was found that the EF increases with increasing the nanocone-tip radius (Figure 3.10). For
a nanocone-tip radius of 20 nm, any deviation in the nanohole radius from 20 nm results in
the reduction of EF. This suggests that, for a given nanocone-tip radius, if the radius for the
nanohole is the same as that of the nanocone-tip, the projected cross-section for both the

nanostructures is the same, and the EF is maximum.
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Figure 3.10 Change in EF with an increase in the nanocone-tip radius at a constant

nanoholes radius of 20 nm.

3.3.4.4 Comparison of other dielectric spacing materials with graphene

The purpose of using graphene is to provide the atomically thin space between the nanocone-
tip and the nanoholes in order to get a highly concentrated electric field between two

plasmonic structures, which provides a high enhancement factor. It should be noted that the
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graphene in the current study is taken as 1 nm thick, but if the actual graphene layer thickness
of 0.35 nm was used instead of 1 nm in the simulations, the EF was found to be as high as
1.45 x 10*2 due to ultra-small spacing enabling more significant field confinement between
plasmonic structures. However, as mentioned before, to have a realistic system, 1 nm thick
graphene layer was considered for all the simulations due to experimental reports of

wrinkling of graphene sheet [90,91].
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Figure 3.11 Enhancement factor versus dielectric materials.

Due to the positive permittivity of the graphene in the visible range [79,93], it must be noted
that it behaves like a dielectric material. Hence, it is useful to compare EF obtained by the
use of graphene as a spacer with the use of other dielectric materials as a spacer. The FDTD
simulations were performed by replacing the graphene with Al.Os3, SiO», and TiO> thin films.

The optical constants for Al,Oz and SiO: are taken from the reference [95]; for TiO. from
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the reference [96]. The thickness of the dielectric layer was kept the same as the graphene
layer thickness (i.e., 1 nm) considered in Figure 3.7. It is found that the EF values for
Graphene, Al,Os, SiO2 and TiO; are 1.05 x 10°, 1.21 x 10% 1.25 x 10° and 8.14 x 10/,
respectively (see Figure 3.11). When Al,Oz and SiO; are used as a spacing layer, the value
of EF is close to that obtained by the graphene layer of 1 nm thickness. However, for TiO>
the EF is observed to be reduced to the order of 107 (Figure 3.11). It is seen from the
simulated results that the enhancement factor is nearly the same for the spacing layers Al,Os,
SiO and graphene. However, the conformal (pinhole-free) coating of Al,O3, SiO2 and TiO:
with a thickness of 1 nm is difficult to achieve by atomic-layer-deposition (ALD). In general,
the conformal and pinhole-free ALD deposition of oxide material would require the
thickness to be at least a few nm [97-99]. Hence, it can be concluded that for improved EF,
the graphene is advantageous over the ALD deposited oxide thin films as it provides sub-
nanometer thick dielectric media between the two plasmonic nanostructures in the visible

range.

3.4 Summary

The formation of self-organized nanocones by argon ion beam bombardment on the rotating
gold and silicon surfaces at a glancing incident angle was demonstrated. AFM and SEM
micrographs confirmed the formation of nanostructures on the surfaces. It has been observed
that the rotation of the sample during ion beam sputtering plays a significant role in defining
the final morphology of the nanostructures. Provided the large diameter of the ion beam
source, this technique is suitable to produce nano-cones on the large surface area. Such
nanostructures are ideal for anti-reflection enhancement in solar cell, photo-catalytic and

surface plasmon based sensing applications.
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A hybrid tri-layered gold-nanocone/graphene/gold-nanohole structure is proposed and
numerically investigated with FDTD simulations. It is found that, for the chosen nanocone-
tip radius, the enhancement factor is highest when the radius of the nanohole is the same as
that of the nanocone-tip. The results obtained from numerical simulations reveal that the
proposed structure gives a high SERS enhancement factor of the order of 10° for the graphene
layer of 1 nm thickness. Hence, the proposed hybrid plasmonic design has the potential to
provide a highly sensitive SERS signal, and it would be useful for efficient molecular

sensing.
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Chapter 4

Enhanced Light Trapping by Focused lon Beam
(FIB) Induced Self-Organized Nanoripples on
Germanium (100) Surface

In this chapter, enhanced light trapping by self-organized nanoripples on a germanium
surface is demonstrated. The enhanced light trapping leading to the high absorption of light
is confirmed by the experimental studies as well as the numerical simulations using finite-
difference time-domain (FDTD) method. The gallium ion (Ga*) focused ion beam (FIB) was
used to enable the formation of the self-organized nanoripples on the germanium (100)
surface. During the fabrication, the overlap of the scanning beam is varied from zero to
negative value and found to influence the orientation of the nanoripples. The evolution of
nanostructures with the variation of beam overlap is investigated. Parallel, perpendicular,
and randomly aligned nanoripples with respect to the scanning direction are obtained via
manipulation of the scanning beam overlap. 95% broadband absorptance is measured in the
visible electromagnetic region for the nanorippled germanium surface. The reported light
absorption enhancement can significantly improve the efficiency of germanium-silicon

based photovoltaic systems.

4.1 Introduction

Recently, the research on germanium-based nanostructures has gained significant attention
due to the potential applications in optical trapping, terahertz (THz) signal emission and
plasmonic response in the mid-infrared region of the electromagnetic spectrum [100-103].

The optical trapping is significantly enhanced by the nanostructures like nanopyramids [100]
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and nanoporosity [101] over germanium. The authors reported that the array of nanopyramid
achieved enhanced radiation absorption in the wavelength range of 500 to 800 nm [100]. The
enhancement is attributed mainly to the multiple reflections in the nanostructured domain.
The nanostructured germanium is also shown to exhibit terahertz radiation emission [102]
even though germanium is an indirect bandgap semiconductor. Researchers have achieved a
three- to five-fold increase in the amplitude of terahertz radiation emitted from the
nanostructured germanium surface as compared to the bare-germanium surface. It is
surprising that germanium being the indirect bandgap semiconductor, emits terahertz
radiation comparable to the direct bandgap semiconductor n-GaAs (n-type GaAs) [102].
Nanostructured germanium also has the potential to be used as an efficient mid-infrared
plasmonic detector due to enhanced local surface plasmonic resonance [103]. The quasi-
random nanostructures of silicon fabricated using the wrinkle lithography technique [104],
which are morphologically similar to the germanium nanoripples, have been reported to
achieve absorption enhancement by a factor of 1.6 in the 800 to 1200 nm wavelength range.
However, maximum absorption was reported to be 80% in the case of silicon quasi-random

nano-wrinkles.

The focused ion beam (FIB) technique is extensively used by researchers to form
nanostructures and sub-nanostructures via self-organization on different surfaces such as
nanoripples on germanium [49,105], titanium [106], diamond [46], LaAlOs, SrTiOs,
Al>03 [40]; nanowires on InP [54], antimony [107]; nanofins on platinum [108] and
nanodots on Inls [54]. When ions are bombarded on the surface, selective surface erosion
occurs, and the atoms from concave regions erode faster than those from the convex

regions [5]. Competition between selective surface erosion and surface diffusion induced by
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ion beam sputtering leads to re-organization of the surface atoms, and thus the nanostructures
are formed [5,6]. The germanium nanopyramids [100] arrays were fabricated using FIB
milling, whereas the nanoripples can be formed by self-organization of the surface atoms due
to the bombardment of the focused ion beam. The self-organizing operation using a focused
ion beam is relatively fast compared to the FIB milling giving the advantage of large
throughput. The controlled orientation of self-organized nanoripples is useful as a template
for functional nanostructure-based applications like the growth of plasmonic metal
nanoparticles [109], aligned nanowires on the nanoripples surface [110], and to align
anisotropic liquid crystal molecules [111]. When nanoripples are used as a template for
aligning metal nanorods and nanowires, the plasmonic properties would be dependent on the
polarization of the incident light, and the differently oriented nanoripples on the same surface
could lead to the multi-responsive plasmonic system. The optical absorption of ordered and
periodic nanoripples could be expected to depend on the polarization of the incidence light.
The formation of self-organized nanoripples on germanium induced by FIB bombardment
was first reported by Zhou and Aziz et al. [49]. They reported the instantaneous formation
of nanoripples for the ion dose of ~5.2 x 1017 ion/cm? and revealed that the nanoripples are
aligned in the direction of beam scanning. So far, the broad ion beam induced formation of
nanoripples and nanodots has been studied in detail [14-17]. Researchers have studied the
dependency of germanium nanoripples topography on the various broad ion beam parameters
such as dose, energy and angle of incidence [14-17]. The ion bombardment in the case of
broad ion beam sputtering is uniform on the surface, whereas, in the case of FIB, the scanning
of an ion beam of some definite size is performed. It is believed that the formation of

nanoripples and their preferred orientation in the scanning direction is due to selective
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sputtering of the concave surface and propagating micro-explosions in the direction of
scanning [49,112,113]. However, the resulting topography prediction and its control are still
less explored, and the effect of beam overlap on the morphology of FIB induced germanium

nanoripples has not been studied.

Compared to the control parameters involved in the case of broad ion beam such as dose,
energy, beam current, time, and angle of incidence; there are two additional control
parameters involved in the case of FIB induced nanostructures (1) beam size and (2) beam
overlap (proportional to the distance between two adjacent spots). The effect of beam overlap
on the morphology of FIB induced germanium nanoripples has not been studied yet. Hence,
this chapter aims to check the dependency of ripple orientation and morphology on the beam

overlap.

This study investigates the formation of self-organized nanoripples on germanium (100)
surface by raster scanning of FIB. The study proposes and establishes a novel fabrication
route for switching nanoripple alignment by changing the scanning beam overlap. The strong
dependency of nanoripple’s orientation with the beam overlap is observed by a Fast Fourier
Transform (FFT) of the microscopic images obtained via scanning electron microscopy
(SEM). Further, the optical behaviour of the nanoripples like light trapping and the
reflectance is studied using finite-difference time-domain (FDTD) simulations and verified

experimentally. The nanoripples are shown to exhibit enhanced light absorption.

4.2 Experimental details

The focused ion beam (FIB)-scanning electron microscope (SEM) system (Auriga® compact;
Carl Zeiss) was used for Gallium ion (Ga") irradiation. Throughout the experiment, the ion
beam current was set at 100 pA, and the corresponding beam size (i.e., the beam diameter
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measured as the full width at half maximum (FWHM)) was 30 nm. The FIB with 30 keV
beam energy was scanned in a raster scanning manner on the germanium (100) surface. The
FIB was aligned with the surface normal, and the raster scanned on the sample as shown by
the arrow in Figure 4.1. In the present work, the evolution of nanostructures on germanium
(100) with the variation of Ga ion beam overlapping has been studied. The beam overlap was

varied from 0% to —250% in order to investigate the evolution of ripple morphology.
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Figure 4.1 Schematic of FIB processing. (a) The scanning at 90° angle with the surface
and the arrow showing left to right scanning direction, (b, ¢ & d) raster scanning strategies
with the pixel method for 0%, —50% & +50% beam overlap (BO).

The scanning leads to the self-organized formation of nanoripples over the germanium
surface. The nanoripples were obtained at several rectangular regions of 5.76 um? by
varying the beam overlap and its dwell time. The beam overlap is given by the relation %,

where d = beam size and p = pixel size. Thus, by varying the pixel size, the beam overlap
can be changed as shown in Figure 4.1(b & c), where the square of the side 30 nm and the

circle of the diameter 30 nm represents pixel size and beam size, respectively. For example,
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for beam overlaps 0%, —50% and —250%, the number of pixels would be 80 x 80, 53 x 53
and 23 x 23, respectively, for the given exposure area. In this study, the beam overlap was
varied from +0% (i.e., high magnification) to —250% (i.e., low magnification). In order to
get the fixed ion dose per unit area (~5.66 x 1017 ion/cm?), the dwell time in each case was
varied in the range of 0.018 - 0.1 s. For example, the dwell time was set to 0.0081 s, 0.018 s
and 0.1 s for the beam overlap 0%, —50% and —250%, respectively, in order to obtain a

constant dose per unit area.

4.3 Results and discussion

As the nanostructuring with formation of ripples is expected from the focused ion beam
irradiation, the morphology investigation by electron microscopy is vital. Hence, the
investigation on the morphology evolution of the FIB induced nanoripples was carried out
by scanning electron microscopy. To check the optical absorption characteristics of the
nanoripples, the reflectance was measured using a micro UV-vis spectrometer. Also, the
investigation on the enhanced optical absorption was performed both with theory and optical

simulations.

4.3.1 SEM analysis

Figure 4.2 shows the SEM images of nanoripples formed instantaneously after Ga* FIB
irradiation of 5.66 x 1017 ion/cm? for different beam overlaps. Careful observation of SEM
results reveals that for extreme negative beam overlap of —250% (as seen from Figure 4.2(g)),
the prominent ripples are aligned in parallel with the raster scanning direction. It can be
noticed that on increasing the beam overlap from —200% to —25% (Figure 4.2(b-f)), the
prominent nanoripples change their direction of orientation. Nanoripples are randomly
oriented for —100%, —50%, and —25% beam overlap (Figure 4.2(b-d)). However, in the case
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of 0% beam overlap (Figure 4.2(a)), most of the nanoripples are aligned perpendicular to the

raster scanning direction.
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Figure 4.2 SEM images of nanoripples fabricated at fixed dose [~5 x 10’ ion/cm?] and
different beam overlaps (a) 0%, (b) —25%, (c) —50%, (d) —100%, (e) —150%, (f) —200%,
and (g) —250%. Inset images represent FFT for corresponding SEM image.

The orientation pattern of the nanoripples is also confirmed by the two-dimensional fast
Fourier transform (FFT) of the corresponding SEM image, as shown in the inset of Figure
4.2(a-g). The broad range of spatial frequencies are lying in the elliptical domain, which has
a major axis parallel to the raster scanning direction, as seen in the inset of Figure 4.2(a).
This suggests that the nanoripples are oriented perpendicular to the scanning direction for
0% beam overlap. However, for the —200% and —250% beam overlaps, the spatial frequency
domains have a major axis perpendicular to the raster scanning direction, which implies that

the prominent nanoripples are oriented parallel to the scanning direction.
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The literature on the FIB induced nanoripples reports that the nanoripples tend to align in the
raster scanning direction [49]. It is interesting to note here that even in the case of non-linear
scanning directions such as a spiral scanning direction, the nanoripples are aligned in the
spiral fashion [49,114]. However, here, a novel phenomenon has been observed that
nanoripples are formed parallel to the scanning direction only for the extreme negative beam
overlap. In contrast, they are formed perpendicular to the scanning direction for zero beam
overlap. In between the extremely negative and zero beam overlapping conditions, they are
oriented randomly. This implies that the orientation of nanoripples is strongly dependent on
the ion beam overlap, and it is possible to manipulate the orientation of nanoripples by simply
changing the beam overlap. According to the mechanism proposed by Bradley et al. [5], the
formation of nanoripples is attributed to the fact that the sputtering of the concave region is
higher than that of the convex region, creating an imbalance on the contour. Bellon and
Wilson [112,113] observed that even a small dose of ion beam bombardment on germanium
could create large microscale explosions. Such selective sputtering and the occurrence of
micro-explosions are considered to be the mechanisms behind the formation of the
nanoripples [49]. The reason for the occurrence of aligned nanoripples in the direction of
scanning is due to the overlapping and propagating microscale explosions, in the direction
of scan, during the FIB bombardment [49,112,113]. As discussed in the experimental
section, for the fixed dose of 5.66 x 107 ion/cm?, the number of pixels per patterned
rectangle are 80 x 80 and 23 x 23 for 0% and —250% beam overlap, respectively. This
implies that the ion dose per pixel (i.e., ion dose for each spot of FIB bombardment) is
8.84 x 10" jon/cm? and 1.07 x 10> jon/cm? for 0% and —250% beam overlap

respectively. Hence, the number of ions bombarded for each spot of FIB bombardment in
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the case of 0% and —250% beam overlap are 7262 and 625 ions, respectively, giving about
twelve times dose per pixel for —250% beam overlap compared to 0% beam overlap. Such a
high dose, in the case of extreme negative beam overlap, leads to greater microscale
explosions and the ripple orientation is largely decided by the propagation direction of
microscale explosions. This enables alignment of the larger nanoripples in the raster scanning

direction.

Figure 4.3 (a) Cross-sectional SEM image of nanoripples for beam overlap —250% and (b)
3D nanorippled surface generated from SEM image, (c) tilted SEM image from the cross-
section for —250% beam overlap.

In order to study the detailed topography of nanoripples, SEM cross-sectional imaging is
performed for the case of —250% beam overlap. The germanium nanorippled surface is first
coated with a protective layer of platinum about 500 nm in thickness using the FIB-CVD
method, and then it is sectioned with the aid of FIB milling for SEM imaging. The
nanorippled topography thus obtained is as shown in Figure 4.3(a). Measurements from the
cross-sectional image yield the maximum height of nanoripples to be 290 nm, whereas the

maximum ripple angle to be 60°. The average ripple angle is about 38.7°. The nanoripples
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orientation parallel to the scanning direction can be seen in the tilted cross-sectional SEM

image in Figure 4.3(c).

4.3.2 Measurement of optical absorption by nanoripples

Experimental reflection spectrum was obtained using J&M Micro UV-Vis microscope
spectrometer with an objective lens of 50X magnification at a numerical aperture (NA) of
0.65. The halogen lamp was used as a white light source, and it was coupled with optical
fibre in order to illuminate the sample. The reflected spectrum from the sample is normalized

with respect to reflection from a protected silver mirror (from Thorlabs Inc.).

The reflection measurements are carried out in the wavelength range of 350-900 nm. The
obtained absorption spectra (100 — Reflection%) are plotted for the germanium surface with-
and without-nanoripples in Figure 4.4(a) and Figure 4.4(b), respectively. The optical
absorptance of the nanorippled area is 90-95% in the wavelength range of 430-720 nm.
However, for the bare germanium, the light absorption is around 45% in the 400 to 900 nm
wavelength range. It is worth noting that the thickness of the germanium wafer used in the
current study is 400 wm, which is more than 400 times the maximum wavelength (900 nm).
Though the absorptance is enhanced for the nanorippled germanium, the bulk-germanium

thickness does not influence the spectral behaviour.
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Figure 4.4 (a) Absorption spectra of germanium surface with nanoripples: experimental
(solid line), simulated by FDTD method (dashed line) and porosity based theoretical
prediction (dotted line); (b) absorption spectra of bare germanium surface: experimental

(solid line), simulated by FDTD method (dashed line).
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4.3.3 3D topography generating and porosity calculations

It can be observed from the SEM image (Figure 4.2(g)) that the nanoripples with maximum
heights correspond to the respective pixels with maximum intensities in contrast to the other
regions of the nanorippled surface. Similarly, the region with the lowest height corresponds
to the respective pixels with the lowest intensities. To create a 3D surface profile from a 2D

grayscale SEM image, an open-source image analysis tool Gwyddion is used [115].

Figure 4.5 lllustration of the 3D surface (created from SEM image). As indicated by dotted
lines, the thickness of the nanorippled region is divided into steps of dz =5 nm.
The maximum height of the nanoripples for —250% beam overlap is 290 nm (from Figure
4.3(a)). Thus, 290 nm height is assigned to the pixel with the highest intensity, and 0 nm
height is assigned to the pixel with the lowest intensity for defining the 3D surface profile.
Accordingly, the pixels with intermediate intensities are assigned the linearly scaled heights
corresponding to the intensities of the respective pixels. The final 3D image for —250% beam
overlap is shown in Figure 4.3(b). As shown in Figure 4.5, the nanorippled region is
vertically divided into 58 layers giving a thickness of 5 nm for each. The porosity at each

layer is calculated analytically by taking the ratio of the volume of the pore to the volume of
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Vpore

material, i.e., P(%) = X 100. The porosity of the substrate germanium layer,

material

having no pores, was taken as zero. Further, for wavelength range 350 nm to 900 nm the
effective refractive index at each layer was derived from porosity using Yoldas’s mixing

rule. The complex refractive index constants for germanium were used from reference [95].

4.3.4 Simulation of optical absorption by nanoripples

Electromagnetic field distribution throughout the nanostructures is simulated by the FDTD
method using a commercially available numerical solver (Lumerical Inc., Canada). The
nanoripples for —250% beam overlap were modelled in FDTD simulations using three-
dimensional (3D) topography shown in Figure 4.5. The FDTD simulations for Ge
nanoripples were carried out with the plane wave source, as seen in the simulation set-up
represented in Figure 4.6. Optical simulation of the typical surface is carried out in the
wavelength range 350 to 900 nm using the normally incident plane wave source. The spatial
domain of the simulation region is discretized with a fine mesh of 5 nm. The periodic
boundary conditions (PBC) are set along the xy-plane, and perfectly matched layer (PML)
boundary conditions are set along the propagation direction. Bulk germanium is used as a
substrate for the nanorippled layer in such a way that it extends the bottom boundary of the
simulation domain to replicate the realistic situation. The wavelength-dependent complex
dielectric constants for germanium were taken from the reference [116] for the wavelength

range 350-900 nm.

The absorption spectra obtained from the FDTD simulations for the nanorippled and bare
germanium surfaces are shown in Figure 4.4(a) and Figure 4.4(b), respectively. A higher
absorptance of 95-97% in the visible range for the nanoripples is close to the reported values
for germanium nanopyramid arrays [100]. As seen in Figure 4.4(a) and Figure 4.4(b), the
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experimentally measured absorption spectra for the nanorippled and bare germanium co-
relate well with the simulated results. A comparison with morphologically similar silicon
nano-wrinkles [104] reveals that the measured absorptance for the nanorippled germanium
surface is 15-20% higher than the measured absorptance for silicon nano-wrinkles. The
simulated absorptance by nanorippled germanium is 20-30% higher than the absorptance of
silicon nano-wrinkles [104]. The work on germanium nanopyramid arrays by Han et
al. [100] reports high absorption around 98% in the wavelength range 500 to 800 nm for the
nanopyramid arrays. However, the absorption for the wavelengths lower than 500 nm has
not been reported [100]. The absorptance for the nanoripples presented in this work is above

90% in the broadband wavelength range of 350 to 900 nm.

Reflection monitor
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E-field monitor
Periodic xz-plane)
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Figure 4.6 Set-up of FDTD simulations for nanoripples.

4.3.5 Theoretical absorption calculations using porosity analysis
When the light is incident on vertical nanostructures, the structure scatters the light at
multiple instances, which increases the probability of photon absorption as depicted

schematically in the inset of Figure 4.7. The observed enhanced-light trapping could be
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attributed to the occurrence of multiple instances of light-scattering for the nonporous

germanium surface [101].
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Figure 4.7 Calculated refractive index and porosity vs. the height of nanoripples, inset
shows multiple light reflections through nanoripples.
It is known that the bare germanium has a high refractive index (e.g., 5.9 at 600 nm
wavelength). Thus, a high index contrast is attained at the interface between a free space (Nair
= 1) and the bare germanium surface. This high refractive index contrast at the interface
results in high reflectance for the incident light. However, with the nanostructured
germanium surface, a suppressed reflectance was observed. The suppressed reflectance can

be explained by considering the graded refractive index along the thickness. It is noted that
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these nanostructures are narrow at the top and broad at the base. Such geometrical variation
provides a graded refractive index along the height and leads to an averaged effective
refractive index for the nanorippled layer of germanium. Estimation of the graded refractive
index could help to explain the enhanced absorption in the nanorippled structures. The
obtained nanoripples are quasi-random, and there are irregular pores in between adjacent
nanoripples. Quantification of average porosity for the nanostructures will enable the
calculation of the effective refractive index of the nanostructure by utilizing Yoldas’s mixing
rule for porous material [117]. The Yoldas’s mixing rule for a porous material having air in

pores is as given by,
Nss = ((n3 — 1)(1 — 0.01P) + 1)2 (4.1)

Where, n. ¢ is the effective (average) refractive index of structure, P is the percentage

porosity (P%) of the structure and n, is the refractive index of bulk germanium. The
nanorippled structure is considered as a multilayer material with a total height of 290 nm.
Each layer of the nanorippled region is set to 5 nm thickness. Subsequently, the porosity at
each layer is calculated analytically, as described in section 4.3.3 and plotted in Figure 4.7.
It is observed from Figure 4.7 that for wavelength 600 nm, the effective refractive index,
calculated using equation (4.1), increases while going from top to bottom as the porosity
decreases gradually. This provides a positive gradient of the effective refractive index for the

incoming light entering from free space to the germanium substrate.
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Figure 4.8 Schematic of propagation amplitude of EM wave through multilayer (N layers)
having complex effective refractive index n. The number of interfaces is N+1. In
subscripts, I, R and T represent incident, reflected and transmitted waves for corresponding
interfaces. For each layer, the thickness is taken as dz = 5 nm and for substrate dz =
500 um.

Once the effective refractive indices of nanoporous material for the entire wavelength range
are obtained, the reflectance can be calculated for the nanoporous material [118] using the

transfer matrix method [119-121]. In order to employ the transfer-matrix method, the

nanorippled region of the germanium surface was considered as multi-layered films stacked
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on each other, as shown in Figure 4.5. In this case, the electromagnetic radiation (normal
incidence) is passing through multiple interfaces. Thus, the transfer matrix can be obtained
for each layers giving the relationship between coefficients of electromagnetic field (Figure

4.8) on both sides [119],

[ - sin §;
Cos &;
i-yj-sind; cosd;
Where, §; and y; are phase difference and admittance of EM wave for a layer they are given
as,§ = 27" -n; - dz; degrees, and y; = n; - \/€o, Siemens; Admittance could be calculated
from the effective refractive index of each layer (n;), free space permittivity (e,) and free
space permeability (u,). The thickness of the layer, dz is taken as dz;_; y = 5 nm and for
substrate and dzy,, = 500 um. Here, the effective refractive index for each layer was

calculated using Yoldas’s mixing rule.

Thus, the total transfer matrix for N layers can be written as,

my; My
Miotar = My *My—q - My_5 =+ M, -M; = (m21 mzz) (4.3)
Therefore, the relation between field amplitudes would be,
Ejo + Era ) ( Ern+1 )
| ! =M ’ 4.4
<VO(EI,0 — Er1) total Yn+1Er N+t (44)
Which gives reflection coefficient (r) and transmission coefficient (t) as follow,
_ Er1 _ Yo(Mmi1 + Ynr1mMaz) — (Mag + Yng1Maz) (4.5)
Ero Yo(mi1 + Yne1Maz) + (Mag + Yyse1Maz) -
E 2
= Il Yo (4.6)

EI,O B Vo(mn + VN+1m12) + (my + YN+1m22)
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Therefore, reflectance (R) and transmittance (T) will be, R = |[r|? and T = Re (%) [t]2.
0

Hence, the absorptance is given by (100 — Reflection% — Transmission%). The theoretical
absorption spectrum, thus obtained, is plotted in Figure 4.4(a). The theoretical absorptance
is around 90% from 350 to 700 nm wavelength range. However, the absorptance gradually
decreases in the wavelength range 700 - 800 nm and reaches 80% value for 800 to 900 nm
wavelength range (see Figure 4.4(a)). The graded refractive index from top to bottom of the
nanorippled surface provides a smooth variation of the index from free space to the substrate.
Thus, the penetration depth increases for the incoming light. Germanium being a lossy
media, the increased light penetration depth provides more chance of absorption of the light,
and hence the reflectance gets suppressed. The phenomenon of the graded refractive index
is wavelength-independent for the wavelength range under consideration. Thus, the
multilayer model validates the anti-reflection behaviour, which is also shown by the

experimental measurements and the FDTD simulations.

4.3.6 The effect of incidence angle and nanorippled layer thickness

In order to check the behaviour of the absorption spectra with a change in incidence angle,
the FDTD simulations are carried out with the angular incidence of light on the nanorippled
germanium surface. The plane wave source with an obligue injection of light via Broadband
Fixed Angle Source Technique (BFAST) was used. All other settings and simulation domain
were the same as described in section 4.3.4. Figure 4.9 shows the absorptance for varied

angle incidence and as a function of the incidence angle.
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Figure 4.9 (a) Absorption spectra for germanium nanoripples with the angular incidence of
light. The plot in (b) shows the variation in absorptance with the angle of incidence for 900

nm wavelength.
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It is clear from Figure 4.9 that the absorptance increases upto 50° incidence angle and then
decreases for further increase in the incidence angle. Thus, the acceptable incidence angle
(Figure 4.9(b)) for the enhanced absorptance for the nanoripples structures is 50°. The results
suggest that the nanoripples exhibit wide-angle broadband absorption enhancement. The
wide-angle (upto 50°) absorptance behaviour of the germanium nanoripples is attributed to
the smooth refractive index gradient for the light coming from free space to the nanorippled
surface [122,123]. For the incidence angle below 50°, the smooth refractive index gradient
ensures gradual bending of the light beam towards the surface normal, resulting in multiple
internal reflections leading to suppressed reflection [122,123]. While for the glancing angle
incidence, the increased scattering leads to low absorption. Further, to check the effect of
layer thickness on absorption behaviour, the FDTD simulations are carried out with a varied
thickness of nanorippled Ge layer. The bulk Ge is considered as a substrate below the
nanorippled layer. It must be noted here that, since the bulk thickness is much larger than the
illumination wavelength, in FDTD simulations, bulk Ge is considered as a semi-infinite
object by applying the PML boundary layer. The geometrical shape of the nanorippled layer
is considered the same as shown in Figure 4.3(b), and three different thicknesses 250, 350
and 400 nm are considered for the simulations. The simulated absorptance spectra for varying

thickness of nanorippled area are shown in Figure 4.10.

It is seen from Figure 4.10 that the absorptance increases for the higher thickness of the
nanorippled layer. However, with the FIB processing, it is difficult to get the nanoripples
with the higher aspect ratios. In order to increase the depth of nanoripples, the ion dose and
dwell time of the Ga beam need to be increased. The increased dose leads to sputtering of

the material instead of nanoripples formation.
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Figure 4.10 Simulated absorptance spectra for four different thicknesses (250, 290
(original), 350 and 400 nm) of nanorippled germanium layer on bulk Ge substrate; and

simulated absorptance spectra for the bare Ge wafer.

4.3.7 Field distribution in the nanostructures using FDTD simulations

Further, the electric field distribution was investigated in the nanostructures using FDTD
simulations. The electric field intensity (| E|?) distribution in xz-plane (y = 0 nm), yz-pane (x
= 0 nm) and xy-plane (near field at 1 nm above the nanoripple surface) is shown in Figure
4.11. The electric field intensity (|E|?) is plotted for 350, 500 and 900 nm wavelengths (see
Figure 4.11(a), (b) and (c)). Bright hot spots of the electric field intensity indicate that the
electric field is trapped at positions such as on the tip of ripples and the gap between them

(see Figure 4.11(a), (b) and (c)). It should also be noted that the light trapping is wavelength-
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independent, and in addition to the graded effective refractive index, the enhanced absorption

is also attributed to the enhanced light trapping.
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Figure 4.11 Two-dimensional (2D) electric field intensity (| E | 2) distribution at
wavelength (a) 350 nm, (b) 500 nm and (c) 900 nm for nanoripples across planes xz-plane
(y = 0), yz-plane (x = 0) and xy-plane (1 nm above nanoripples). The dashed white line
indicates a germanium surface, and the colour-bar shows electric field intensity (| E | 2).
Further, the optical power absorption per unit volume is calculated by measuring the spatial
absorption for each volume element in the simulation domain at different wavelengths. The
optical absorption density for xz-plane is shown in Figure 4.12 for the nanoripples and the
bare germanium. The shorter wavelengths, 350 nm and 500 nm are absorbed at the surface
of the bare germanium (see Figure 4.12(a) and Figure 4.12(b)). However, for the nanorippled
surface, most of the shorter wavelengths are absorbed at the tip of the nanoripples, and the

rest of it gets absorbed inside the nanoripples. In case of longer wavelength (900 nm), after

a small amount of power absorption at the tip of the nanoripples, a considerable amount of
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light gets absorbed inside the nanoripples, and the remaining passes to the bulk of the
substrate, getting absorbed up to 200 nm depth (see Figure 4.12(c)). Whereas, for the bulk
germanium, only some part of longer wavelength (900 nm) light gets absorbed up to the
depth of 490 nm. Hence, the enhanced absorption due to the nanorippled surface is

wavelength-independent.
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Figure 4.12 Light absorption per unit volume for nanoripples (left column) and bare
germanium surface (right column) for incident wavelength (a) 350 nm, (b) 500 nm and (c)
900 nm across xz-plane (y = 0). The dashed white line indicates a germanium surface

profile, and the colour-bar shows absorption density in watt/pum?3.
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4.4 Summary

In summary, the broadband light trapping for the FIB induced germanium nanoripples both
experimentally and through FDTD simulations was demonstrated. The resultant light
absorptance is about 95% for the visible light range. Such broadband light absorption in
nanostructured germanium can lead to higher efficiency in photovoltaic based devices.
Formation of nanoripples with variant orientations such as parallel and perpendicular to the
ion beam scanning direction was achieved. The results provide novel strategies to manipulate
the orientation of nanoripples by simply tuning the beam overlap and thus enabling the
fabrication of varied nanoripples on a defined area. Using this approach, different nanoripple
orientations can be achieved at the normal incidence of the focused ion beam itself, which is

advantageous over the conventional approach of varying incident angle.
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Chapter 5

Tailoring Surface Self-Organization for Nanoscale
Polygonal Morphology on Germanium

The research in the field of nanofabrication has been aimed at reducing the feature size of
nanostructures to achieve miniaturization of the overall device size. Nanofabrication through
direct milling of the material with the help of a focused ion beam (FIB) has been widely
utilized approach in order to create three-dimensional (3D) micro/nano-structures. However,
the direct milling processes exhibit limitations in terms of size and speed due to the
requirement of milling series of pixels to get the desired nanostructures. Self-organization,
by exploiting the competition among various surface interactions, plays a crucial role in
nanostructuring on the materials due to its easy and high-throughput capabilities. However,
there is inadequate control over morphological-uniformity and periodicity at the nanoscale.
This could be mitigated by attaining the nanoscale control over the ion beam irradiation
induced viscous-flow on the surfaces. Herein, periodic and polygonal-shaped nanoholes on
the germanium (100) surface, aided by focused ion beam (FIB) induced self-organization,
are presented. The morphologic evolution in the nanoholes has been found to be sensitive
with the ion dose, and the optimized conditions produce protruding polygonal geometries
such as squares, triangles, hexagons, pentagons, and octagons. The bombardment of
energetic ions on the germanium surface causes the site-specific thermal spike forming the
localized melting zones followed by the phase transitions enabling confined viscous-flow at
the walls of nanoholes as revealed by microscopy and Raman spectroscopy studies. The

confined viscous-flow provides reorganization of the surface atoms by the occurrence of
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viscous-fingering at the nanoscale, enabling the geometrical makeover for the nanoholes to
convert the circular holes into the polygonal holes. The present morphology manipulation
promises to surmount the barriers concerning the size reduction efforts in the field of

nanofabrication.

5.1 Introduction

Controlled and periodic germanium nanostructures exhibit significant applications in
lasing [124,125], infrared surface plasmon based molecular sensing [103,126], surface-
enhanced infrared absorption spectroscopy (SEIRAS) [127,128], photovoltaic [129,101], as
photodetectors in optoelectronics [130,131], enhanced light trapping [103,132], and
terahertz radiation (THz radiation) emission [133,102,134]. The partially amorphized Ge
guantum dots encapsulated in the silicon matrix are proven to show improved lasing action
making them potentially useful for application in silicon integrated technology [124,125].
Enhanced molecular sensing capabilities have been demonstrated by plasmon-enhanced
infrared absorption due to an array of germanium nanostructures [103,126,135]. The work
by Podolian et al. reports the demonstration of enhanced photo-voltage generated by an array
of Ge-Si nanostructures on a silicon substrate, which is suitable for solar cell
applications. [131]. Germanium nanostructures have been reported to achieve three-fold to
five-fold increased amplitude of terahertz radiation emission as compared to the bare-
germanium surface. It was surprising that germanium being the indirect bandgap
semiconductor, the periodic array of germanium nanostructures gave terahertz radiation
emission comparable to the direct bandgap semiconductor n-GaAs (n-type GaAs) [102].
Local surface charge collection due to the high surface area is attributed to the enhanced THz

emission from the Ge nanostructures [133]. These reports suggest that the periodic arrays of
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nanostructures play an essential role for improved light-matter interactions such as enhanced

surface plasmon based sensing and in improved terahertz emission [103,126,102].

The occurrence of ordered arrays of objects or ordered morphological features, is a widely
seen phenomenon in nature known as self-organization, straddling from ripples on sand
dunes to leaf venation through molecular and atomic arrangements on the surfaces and in
materials [1]. Inspired by such natural occurrences, self-organization phenomena such as
preferred particle assemblies on the textured surfaces, strain-induced pattern formation by
surface relaxation, and energy beam induced nanopatterning by self-organization of the
surface atoms are common strategies for the formation of nanoscale structures [2-4]. These
self-organization processes exploit the surface characteristics like thermodynamic stabilities,
surface energy and surface diffusion effects to create micro and nanoscale features. The
surface perturbation through energy beams utilizing laser beam and ion beam provides the
fractal-like and ripple-like surface features ranging from millimeter and micron to nanometer
scale [4,11,136]. The self-organization induced by a broad ion beam has been extensively
used by researchers to create nanoscale structures via irradiation on different surfaces such
as transparent and conducting nanowires on aluminium [11], nanodots on silicon
surface [12], and nanowires on the gold surface [13]. lon beam irradiation on the surface
induces the formation of the curved surfaces with an increase in the roughness, and atoms on
the concave regions over the material surface tend to erode faster than those from the convex
regions [5]. Such a selective erosion and surface diffusion on ion beam irradiation provide
reorganization of the surface atoms which lead to the formation of the nanostructures on the
surface [5,6]. The self-organization process by broad ion beam is faster and produces

nanostructures over a large area. However, it produces simple structures such as nanoripples,
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nanowires and nanodots; thus, the realization of nanostructures which can have high-
periodicity, complex-morphologies, and morphological-uniformity has been a challenge. To
overcome these challenges and to achieve nanoscale control over the ion beam induced self-
organization, focused ion beam could be a promising tool by utilizing its capability of
nanoscale milling.

Conventionally, the FIB fabrication has been widely used by direct milling operation (i.e.,
direct writing of features on the surfaces by FIB milling process) on the material for the
desired geometrical shape of the nanoscale/microscale structures [24,26,28]. The major
disadvantage of the traditional FIB direct milling method for polygonal morphology is the
requirement of milling the arrays of spots (pixels) to remove the material in the shape of a
desired polygonal geometry [24,26,28]. This requirement of multi-pixel milling for a
particular geometry imposes restrictions on the size reduction for the nanostructures. Also,
it is a slow process to fabricate structures via direct milling. Employing the self-organization
phenomenon to transform each pixel into the desired polygonal morphology is a promising
strategy to overcome the drawbacks of the traditional direct milling process. Quasi-periodic
self-organized structures have previously been fabricated by using FIB such as nanoripples
on germanium [132,49] and diamond [46], nanofins on platinum [108], nanoholes on
germanium [56], and nanodots on beryllium [55]. The low-aspect-ratio nanostructures are
predominantly self-organized due to selective surface diffusion driven reorganization and
without any material removal involved during the process [55,56]. Whereas, the high-aspect-
ratio nanostructures with a slight alignment control, in addition to the self-organization, also
involve some amount of material removal as a result of ion beam milling [132,49]. However,

the morphologies of these nanostructures are limited to primitive shapes like nanodots or
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nanoripples, and these patterns are quasi-periodic. Hence, to obtain high-periodicity and
complex-morphologies like polygons (i.e., fundamental building blocks of nanofabrication
systems), the milling process aided by local self-organization in the vicinity of each pixel
could be explored. In Chapter 4, attempts were made to achieve control on the alignment of
quasi-periodic nanoripples by varying the beam overlap (BO) during the focused ion beam
irradiation on the germanium surface [132]. It is established that the germanium nanoripples
provide high optical absorption at the broad wavelength and incident angle range [132].
However, periodic nanostructures would have an advantage in broader application domains
such as surface plasmon resonance, THz signal generations, photovoltaics, optoelectronics,
bio-sensing, etc.

In the following sections, the unique formation of the periodic polygonal nanostructures is
reported by controlled and nanoscale self-organization through strategic FIB scanning over
the selected area on the germanium (100) surface. The strategy involves the utilization of the
self-organization process to turn the circular nanoholes created by each FIB pixel into the
desired polygonal morphology. Here, a novel route to fabricate polygonal nanostructures
using scanning of FIB over the germanium (100) surface with negative beam overlap (BO)
is presented. On scanning over a rectangular region with a predefined grid, the circular nano-
holes evolved to have a unique polygonal morphology. The single-step process involves the
exploitation of the viscous-flow driven self-organization process to transform the circular
nanoholes into the desired polygonal morphologies such as triangles, squares, hexagons, etc.
The phenomenon of morphology evolution, phase change, and underlying mechanism were
investigated by scanning electron microscopy, atomic force microscopy, transmission

electron microscopy and Raman spectroscopy. The obtained protruding and periodic
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polygonal nanostructures have a minimum feature size of around 25 nm and exhibit

broadband optical absorptance behaviour.

5.2 Experimental details

To attain nanoscale control over the confined viscous-flow driven by the self-organization,
the FIB/SEM (Focused lon Beam/Scanning Electron Microscope) system (FEI Quanta 3D,
Thermo Fisher, USA) was used for the fabrication processes. An SEM (FEI Magellan 400
Field Emission, Thermo Fisher, USA) was used for high-resolution imaging purpose. The
30 kV Ga* FIB was used to fabricate nanostructures with a beam current of 50 pA. During
the patterning, the horizontal pixel resolution was kept at 4096 pixels with 5000X
magnification and horizontal field width of 29.8 um. This set-up provided the pixel size of
7.3 nm. The probe size (i.e., FWHM) for this system at 50 pA is 19 nm, which gives the
distance between two neighbouring FIB spots (pitch) to be 133 nm for —600% beam overlap
(BO). To scan the FIB in a predefined pattern of square, triangular and hexagonal grids, the
interface of the stream file provided by the manufacturer was used. First, the x and y
coordinates of a defined pixel grid were calculated based on the beam overlap and
dimensions of the patterned area. From the x and y coordinates of the pixel grid, the pixel
numbers are calculated and listed in the stream file in a manner which defines the scanning

direction as the desired pattern.

Nanostructures fabricated are characterized by atomic force microscope (AFM), UV-Vis
spectroscopy, micro-Raman spectroscopy and transmission electron microscopy (TEM) to
understand the crystallographic effects and change in optical properties due to FIB
irradiation. As the patterned regions are of area 5.5 x 5.5 pm?, the Raman spectroscopy and

UV-Vis spectroscopy measurements were taken with the help of an optical microscope
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attached with the spectrometer set-up. The Raman spectra were acquired using Renishaw
VIS Raman set-up (Renishaw, UK) connected with a microscope and a laser source of 488
nm wavelength. The reflectance spectra of germanium nanostructures were acquired using
J&M Micro UV-Vis microscope spectrometer (JM microsystems, Germany) with an
objective lens of 50X magnification at a numerical aperture (NA) of 0.65. The halogen lamp
was used as a white light source, and it was coupled with optical fibre to illuminate the
sample. The reflected spectrum from the sample is normalized with respect to reflection from
a protected silver mirror (from Thorlabs Inc.). To study the height of protruding
nanostructures, the AFM characterization was performed using the Bruker Dimension Icon
system. TEM (FEI Tecnai G2-F20 system, Thermo Fisher, USA) operating at 200 kV was

used for imaging and energy-dispersive X-ray spectroscopy (EDS) characterizations.

5.3 Results and discussion

The self-organization of surfaces is governed through perturbation by means of temperature
treatment, induced strains, and energetic beams [3,4]. The material surface undergoes phase
transformation and surface atoms reorganize in various morphologies forming nanoscale or
microscale features, with increased or decreased roughness, based on the surface kinetics
during the surface perturbation treatment. In the current study, attempts are made to employ
the focused ion beam induced self-organization, a phenomenon responsible for providing
nanoripples [132], to transform the milled nanoholes (formed by each pixel during FIB
scanning) into the polygonal nanoholes. The self-organization is attributed to the confined
viscous-flow due to the thermal spike on the ion incidence during irradiation of ion beam on
the germanium surface, and leads to the formation of nanoscale structures [137,138]. The

control over viscous flow at the nanoscale can be a beneficial strategy for periodic
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nanostructures; thus, this work is aimed at achieving precise control on the self-organization
process using a focused ion beam. It has been known conventionally that during FIB milling,
the diameter of nanohole increases with an increase in the ion dose [19,28,139,140]. Initially,
the adjoining nanoholes are far apart when milling operation with FIB is performed. The
diameter of the nanoholes increases with an increase in the dose; thus, the boundaries of
adjoining holes start overlapping each other. As depicted in Figure 5.1(a), when the
boundaries of the adjoining nanoholes are close enough and overlap each other, the further
irradiation leads to etching of the overlapped region due to ion beam assisted milling, and
the wall between adjoining holes gradually undergoes erosion [139,140]. The self-
organization can be effective to transform the circular nanoholes (which are formed by each
pixel during milling by FIB) into the polygonal nanoholes. The self-organization is to be
engineered such that when the ion beam dose is increased, the boundary wall between the
adjoining nanoholes undergoes a straightening process instead of getting eroded, as

represented in Figure 5.1(b).

The expected transformation process is depicted in the three-dimensional (3D) schematics
(Figure 5.2(a & b)). When Ga* ions are bombarded at a spot on the surface, it initially creates
Gaussian-shaped holes as represented in a sectional view (Figure 5.2(a & b)). For a higher
dose, the walls of the adjacent holes interact with each other, and the polygonal geometries
are generated, which are protruding out of the original germanium surface as schematically

represented in Figure 5.2(b).
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(a) Milling

Erosion at beam
overlapping region

Self-organization
at beam
overlapping

region

(b) Milling + Self-organization

Protrusion

N

Figure 5.1 Overview with the cross-sectional schematic for the phenomenon to manipulate
the morphology of nanoholes: (a) conventional milling dominant FIB machining and (b)
self-organization driven nanofabrication.

5.3.1 Characterization of morphological evolution using SEM and AFM

The Ga" FIB (dual-beam SEM-FIB system FEI Quanta 3D) was used to fabricate
nanostructures at an energy 30 kV and beam current 50 pA. During the patterning, the
horizontal pixel resolution was kept at 4096 pixels with 5000X magnification and horizontal

field width of 29.8 um. This set-up provided the pixel size of 7.3 nm.
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Figure 5.2 Schematic for morphology evolution, scanning strategies and SEM images. 3D
representation for morphology evolution of nanoholes from circular (a) to polygonal (b).

Inset images in (a & b) are cross-sectional views for 3D schematics. Scanning grids for (c)
square, (d) triangle, and (e) hexagon geometries. The corresponding SEM images for the
transition from (i) circular nanoholes to (ii) polygonal nanoholes such as (f) square, (g)
triangular, and (h) hexagonal nanoholes with an increase in dwell time from 0.1 ms to 1.8
ms on 10-pass FIB scan. The scale bar represents 200 nm.
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First, the x and y coordinates of a particular pixel grid were calculated based on the beam
overlap and dimensions of the patterned area. From the x and y coordinates of the pixel grid,
the pixel numbers are calculated and listed in the stream file in a manner which defines the
scanning direction, as shown in Figure 5.2(c-e). For the square nanostructures, each pixel is
surrounded by four pixel-positions, as shown in Figure 5.2(c). In a triangular pixel grid
(Figure 5.2(d)), each pixel is surrounded by three adjacent pixels at a distance corresponding
to the specific beam overlap. Similarly, for the hexagonal grid (Figure 5.2(e)), every pixel
was surrounded by six adjacent pixels. The probe size for this system at 50 pA is 19 nm,
which gives the distance between two adjacent FIB spots (pitch) to be 133 nm for —600%

beam overlap (BO).

The transformation from circular nanohole to polygonal formation is observed for each FIB
pixel based on the number of adjacent pixels in the scanning grid, as shown in Figure 5.2(f-
h). The symmetry and the grid geometry led to the formation of desired polygonal
nanostructures. The dwell time of 1.8 ms with a 10-pass scan was found to provide the best
dose per spot to form the polygons such as squares, triangles, pentagons, and hexagons. The
obtained square, triangular, and hexagonal nanostructures are shown in Figure 5.2(f-h).
Initially, circular nanoholes transform into square, triangular and hexagonal shape at the
optimized dwell time. The curved edges on the top of the hole represent protruding material
as seen from SEM images in Figure 5.2(f(i), g(i) & h(i)). For a higher dose, the walls of the
adjacent holes interact with each other, and the polygonal geometries are generated which
are protruding out of the original germanium surface (see Figure 5.2(f(ii), g(ii) & h(ii))) as
schematically represented in Figure 5.2(a & b). The thickness of the wall for polygons is

around 25 nm, and the pitch is 133 nm. The tilted SEM images (at 20° and 40° angles) for

93



hexagonal nanoholes in Figure 5.3(e) confirm the uniform formation of ordered and
protruding nanostructures on the germanium surface. The higher-order complex polygonal
nanostructures like pentagons and octagons are also possible to fabricate as shown in Figure
5.3(c) and Figure 5.3(d), respectively, with FIB scanning strategies detailed in Figure 5.3(a)
and Figure 5.3(b). The stream file was used in a manner that defines the scanning direction,
as shown in Figure 5.3(a & b) for a pentagonal pixel grid and octagonal pixel grids. It should
be noted that in the case of square, triangular and hexagonal grid, all the pixels are going to
generate corresponding square, triangular and hexagonal polygons due to the symmetry of
the grid, as seen in Figure 5.2(c-e). Whereas, in the case of pentagonal and octagonal grids,
only the central pixels are going to generate the corresponding polygonal nanohole
morphologies. It should also be noted that the beam overlaps for the radial distances (radial
length) and peripheral distances (side length) are different for the pentagonal and hexagonal
grids (see Figure 5.3(a & b)). As the side beam overlap (BO) is smaller than the radial BO
for the octagonal pixel grid. The dose has to be optimized for the suitable dwell time to get
octagonal morphologies for central pixels. Here, dwell time for a central pixel was 2.2 ms
and that for the peripheral pixel was 1.1 ms to get the octagonal morphology from the grid
represented in Figure 5.3(b). However, in the case of pentagonal morphology, the dwell time
for all the pixels was the same (i.e., 1.8 ms), a similar situation to the square, triangle, and

hexagonal morphologies as shown in Figure 5.2(c-h).
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(a) (b)

Pentagonal Morphology Octagonal Morphology

(-705.3% BO  (-600 % B.O. "
=156.3 nm) =133 nm) Side

Radius
Side length = 1.16 x Radial length (-459.2 % BO (-600 % BO
=101.8 nm) =133 nm)

Side length = 0.76 x Radial Iength
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Figure 5.3 Scanning grids used in the stream files for (a) pentagon, and (b) octagon shaped
nanostructures with corresponding SEM images (c) pentagon, and (d) octagon nanoholes,
respectively. The orange arrow shows a raster scanning direction. Blue dotted lines are for
the guide representing peripheral pixels. (e) Tilted image for hexagonal nanoholes at 20°
angle (inset is at 40° angle). The scale bars represent 200 nm.

In order to find the optimum dose for the formation of proper polygonal nanostructures, the
evolution of square and hexagonal nanostructures was observed with an increase in the dwell
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time for a fixed area. Figure 5.4 shows the SEM images of the hexagonal nanostructures
generated from raster scanning of FIB with different doses per area. With a probe size of 19
nm (for 50 pA beam current), the beam overlap was set to —600% in x- and y-direction,
offering a pitch size of 133 nm. To get different doses over the 5.5 x 5.5 pm? area, the dwell
time was varied from 0.001 to 0.025 s. It can be observed from Figure 5.4 that the nanoholes
are circular for the low dose (2.08 x 10'° ions/cm?) as the boundaries of adjacent spots are
too far and do not interact with each other. When the dose increased, the boundaries of
adjacent nanoholes began to interact with each other. And on the further increase in the dose,

the hexagonal nanoholes are formed at a dose of 3.74 x 10 ions/cm?.
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Figure 5.4 Evolution of hexagonal nanostructures with an increase in dwell time and dose.
The scale bar represents 200 nm.

The demonstrated methodology provides a highly controlled manipulation of the single-spot

FIB milling process to realize the optimized morphology of the nanoholes. The achieved
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morphological control can lead to the advancement of a fast and easy fabrication procedure

for desired polygonal nanoholes through engineering of each circular hole.
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Figure 5.5 (a) Evolution of nanoholes with increasing beam overlaps (BO). (b) The
circularity of nanoholes for the square grid with an increase in the beam overlap.
In order to investigate the effect of beam overlap, the phenomenon of morphology evolution

from circular to square nanoholes was confirmed by the change in circularity with varied
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beam overlap using 1.8 ms dwell time and 10-pass scan as shown in Figure 5.5. It is observed
(Figure 5.5(a)) that for the lowest beam overlap (—1100%), the nanoholes are far apart and
are circular as they do not interact with each other. With an increase in the beam overlap
(i.e., decrease in distance between adjacent pixels), the nanoholes come closer to each other,
and their adjoining walls start to get reshaped due to interactions of the irradiation-affected
boundaries of adjoining nanoholes. For the beam overlap of —600%, square nanoholes are
formed. Thus, the beam overlap of —600% is ideal for getting the polygonal nanostructures
for the present FIB parameters and instrument. The circularity of the two-dimensional

geometry can be defined by equation,

41 - Area

Circularity = (5.1)

Perimeter?

Thus, using the above equation, the phenomenon of morphology transformation from
circular to square nanoholes was also confirmed by the change in circularity with varied
beam overlap, as shown in Figure 5.5(b). Initially, for the circular nanoholes the circularity
is 1 (at —1100% BO), and with the increase in BO the circularity decreases to 0.78 (at —600%
BO), indicating the confirmation for the square nanohole formation. In order to check the
formation of morphologically proper square nanostructures with the optimum dose, the
evolution of square nanostructures was studied with an increase in the dwell time, as shown
in Figure 5.6(a). To check the protrusion of walls with an increase in the irradiation time, the
AFM micrograph was obtained for the FIB patterned region shown in Figure 5.6(a). As
shown in the AFM micrograph of the patterned area (in the inset of Figure 5.6(b)), the
nanostructures are found to protrude out of the germanium surface; and the height of the
protrusion increases with an increase in the dose. The height obtained through the line profile

(Figure 5.6(b)) suggests that the increase in the dwell time leads to an increase in the height
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of the protrusion of nanostructures. This indicates that the structures are formed due to self-

organization on FIB irradiation.

(b) .

Height (nm)
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Figure 5.6. (a) Evolution of nanoholes with increasing dwell time. (b) Protrusion of the
self-organized nanostructures represented by the average height as a function of dwell time
from the line profile of the AFM image in (d). (d) 3D representation of the AFM image
acquired of the patterned region.

5.3.2 Nanostructures with complex morphologies by varying parameters

In order to produce the complex morphologies of nanostructures, the FIB parameters were
varied for differential scanning over the target surface. On changing the number of passes
for particular scanning operation and by changing scanning direction, the formation of zigzag
and corrugated morphologies was obtained. In addition to the complex morphologies, this

study revealed vital information on morphology optimization for desired nanostructures.
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5.3.2.1 Zigzag nanostructures by single-pass scan

In order to check the effect of raster scan versus serpentine scan, the single-pass scan was
performed, as shown in Figure 5.7. It is observed that the raster scan has a similar effect as a
serpentine scan such that the V-shape is pushed away in the direction opposite to the scan
propagation. Hence, the raster scan can provide half the pitch for a zigzag wall than that of

the serpentine scan. This method is effective in getting the desired zigzag morphology.
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Figure 5.7 Single-pass scan for zigzag nanostructures, (a) serpentine scan and (b) raster
scan. Red arrows represent the direction of serpentine and raster scans.
The effect of a number of scan-passes on the nanostructure geometry was investigated during
low and high-dose serpentine scans. As shown in Figure 5.8, the low dose serpentine scan
with single-pass and 10-pass shows no effect of the passes on the final circular geometry of
nanoholes. However, for the high dose, the number of passes significantly influence the final

geometry of the nanoholes (Figure 5.9).
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Low Dose : 4.03 x 10" lons/cm?

Dwell time 1 ms
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Figure 5.8 Effect of a number of passes for a fixed dose of 4.03 x 10* ions/cm?. The left
side of each image represents single-pass serpentine scan, and the right side of each image

represents a 10-pass serpentine scan.

High Dose : 1.01 x 1076 Jons/cm?

Dwell time 25 ms
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Total time 25 ms
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Figure 5.9 Effect of a number of passes for a fixed dose of 1.01 x 10 jons/cm?. The left
side of each image represents single-pass serpentine scan, and the right side of each image
represents a 10-pass serpentine scan.
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It can be observed from Figure 5.9 that the multi-pass serpentine scan leads to the
straightening of the walls leading to a proper and thin-walled array of square walled
nanoholes, whereas the single-pass serpentine scan provides a zigzag pattern. Hence, it is
preferred to use a multi-pass scan to obtain an array of squares with the thinnest possible
walls and proper morphology.

5.3.2.2 Circularly concentric zigzag nanostructures

Concentric scanning with an outer diameter of 5 um was performed to obtain hexagon-
shaped nanoholes and spiralling zigzag geometries, as shown in Figure 5.10. The same beam
overlap was set radially for the concentric scanning, giving a pitch of —600% BO between
adjacent spots. In order to get different doses over the 5 x 5 pm? area, the dwell time was
varied from 0.001 to 0.025 s. Figure 5.10 shows a comparison of the obtained nanostructures
from low, intermediate, and high-dose concentric scans. It is observed from Figure 5.10(a)
that the low dose gives circular nanoholes similar to the serpentine scan, and on the increase
in the dose, the hexagonal geometries are evolved (Figure 5.10(b)). For the higher dose, the

walls form V-shape in the direction opposite to the scan propagation (Figure 5.10(c)).

Figure 5.10 Evolution of hexagon-like and V-shaped nanostructures with dose (red lines
represent geometric shapes), (a) low dose of 4.03 x 10* ions/cm?, (b) intermediate dose of
1.61 x 10 ions/cm?, and (c) high dose of 1.01 x 10%° ions/cm?.
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It is observed from Figure 5.10(b) that six beam spots surround any typical spot on the co-
centrally scanned area; interaction of boundaries of these adjacent spots leads to the
formation of hexagon-shaped nanowalled structures for the intermediate beam doses similar
to the results in Figure 5.4. However, for the larger beam doses, the wall forms the zigzag
nanostructures concentrically spiralled with pointing opposite to the scan propagation.
5.3.2.3 Corrugated, nano-mushrooms and nanohole-needle shaped structures

The Ga* FIB was irradiated with 30 kV energy at a small current of 9.7 pA to fabricate
periodic complex-shaped self-organized nanostructures on the germanium surface. SEM
images of the periodic and self-organized complex nanostructures are shown in Figure 5.11.
Based on the beam overlap and beam current settings, varied morphologies of the protruding
nanostructures are obtained, such as corrugated (Figure 5.11(a)), nano-scaled mushrooms

(Figure 5.11(b)), and nanoneedle-nanohole dual-structures (Figure 5.11(c)).
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Figure 5.11 Complex-shaped self-organization (a) Corrugated, (b) Nano-mushrooms
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(inset, tilted at 30°), and (c) dual-nanostructures resembling nano-holes connected with
nano-needles (inset, tilted at 30°).
Corrugated nanostructures are formed with a single pass scanning of FIB with —400% beam
overlap and dwell time of 10 ms. Nano-mushrooms and dual-structured nano-features are
obtained due to slightly elongated FIB with —600% beam overlap (Figure 5.11(b & c)).
Nano-mushrooms are produced with a dwell time of 3.8 ms in 10-pass scanning, and dual-
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structures are produced with a dwell time of 3.2 ms in 20-pass scanning. It should be noted
that for the elongated FIB spot, change in the dwell time and the number of passes make a

substantial impact on the morphology due to preferred self-organization.

The demonstrated methodologies for varied morphologies provide highly controlled
manipulation of the single-spot FIB milling process to realize the complex morphologies of
the nanostructures. The achieved control on the transformation of nanoholes can lead to
developing a fast and easy fabrication procedure for desired polygonal and complex

geometries by engineering each focused ion beam spot.

5.3.3 Investigation on the mechanism of self-organization

Further analysis, to investigate the phase change and mechanism behind morphology
transition, was performed by transmission electron microscopy (TEM) and Raman
spectroscopy. During the TEM experiments, high-resolution cross-sectional imaging,
acquisition of selected area electron diffraction (SAED) and Energy-dispersive X-ray
spectroscopy were carried out for the FIB treated germanium surface. Also, the Raman
spectra were acquired to study crystallographic changes in the nanostructures created by FIB

irradiation.

5.3.3.1 Characterizations via transmission electron microscopy (TEM)

To characterize the phase change and mechanism behind the morphology transition,
transmission electron microscopy (TEM) for a cross-section from typical square
nanostructures is done. The TEM specimen (lamella) preparation for the square
nanostructures, by cross-sectioning the region of nanostructures via FIB milling, is detailed

in Figure 5.12.
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50 nm Carbon coating
+

Thick protecting layer of Pt, deposited via

FIB

Array of square nanoholes TEM lamella preparation
with FIB

Figure 5.12 (a) SEM image of a patterned array of square nanostructures where the TEM
lamella was prepared, (b) SEM image of protected layer deposition on the patterned area of
(@), (c) FIB milling for preparation of lamella, (d) SEM images of the lamella lift-out, and
(e) STEM image in of the prepared lamella.

Before lamella preparation, the patterned region (see Figure 5.12(a)) was coated with
protective layers (Figure 5.12(b)) to avoid damage during the cross-sectioning by FIB. The
array of square nanostructures (see Figure 5.12(a)) was covered by deposition of ~50 nm
thick protection layer of carbon using evaporative carbon coater (Cressington 208, Ted Pella
INC, USA) as seen in Figure 5.12(b). In addition to the protection while preparing TEM
lamella, the carbon layer was expected to provide an excellent contrast to the germanium
nanostructures with respect to the surroundings while taking TEM images. On the coated
carbon layer, the thick platinum layer was deposited by the FIB assistance deposition
method. Then the TEM lamella was prepared using focused ion beam milling and polishing

using FIB-SEM system (Model Helios G4 UX, Thermo Fisher Scientific (FEI)) followed by
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lifting-out using micromanipulator and stored to use for TEM observation. The scanning
transmission electron microscopy (STEM) image of the prepared lamella acquired by a high

angle annular dark-field (HAADF) detector is shown in Figure 5.12(e).

«400
Direct-E-beam in [012] direction

At bulk

Germanium

20 nm

Figure 5.13 (a) Cross-sectional TEM image of nanostructures. (b1 & b2) High-resolution
TEM image and EDS elemental map for nanostructure showing a clear distinction between
germanium with coated carbon and platinum. (c-e) Selected area electron diffraction
(SAED) patterns for different regions: at the bulk (c), at the apex of nanostructure (d) and
below the nanostructures (). The indices for dc-Ge are indicated in white (¢ & e), and that
for hd-Ge are indicated in red (e).

Low magnification and high magnification images acquired by TEM are shown in Figure
5.13(a) and Figure 5.13(b: & by), respectively. It is evident from the observation that the

walls are protruding out of the surface in excellent agreement with AFM and SEM
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micrographs. The Energy-dispersive X-ray spectroscopy (EDS) was acquired using the same
TEM instrument in the nanostructured wall region during the TEM imaging. Figure 5.13 (b2)
is Energy-dispersive X-ray spectroscopy (EDS) mapping acquired for the high-resolution

TEM image in Figure 5.13 (b1).

Figure 5.14 The EDS mapping of elements through a cross-section of the nanostructures.

The high magnification images (Figure 5.13(b:1 & b2)) show a contrast between the
germanium and the protecting layers. Moreover, the high-resolution EDS elemental map in
Figure 5.13(b1) shows the implantation of Ga in the Ge nanostructures. The low-resolution
EDS was taken to check the Ga implantation in bulk, as shown in Figure 5.14. The gradually
decreasing Ga implantation at the nanostructured region (red box in Figure 5.14(Ga)) is
attributed to the FIB treatment during the fabrication process of the nanostructures. FIB
irradiation experiment for self-organized nanostructures would lead to Ga implantation high
at the top surface and lower at a depth of the sample. The uniform presence of Ga (blue box
in Figure 5.14(Ga)) is at the bulk of the specimen. This uniform Ga implantation in a blue
box (Figure 5.14(Ga)) is attributed to the Ga implantation during lamella preparation by FIB

milling operation.

Figure 5.13(c-e) shows selected area electron diffraction (SAED) patterns acquired by an

electron beam at three different positions along the cross-sectional region of the specimen:
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(1) at the bulk (Figure 5.13(c)), (2) at the apex of nanostructure (Figure 5.13(d)) and (3)
below the nanostructures (Figure 5.13(e)). At the bulk of the specimen, single-crystalline

germanium with zone axis [012] is identified from the SAED pattern (Figure 5.13(c)).
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Figure 5.15 Azimuthally averaged intensity profile for the selected area diffraction ring
pattern at the apex of nanostructures.
As evident from Figure 5.13(d), the structures are found to be amorphous at the tip of the
walls. The crystallographic plane identification carried out for the selected area electron
diffraction (SAED) is shown in Figure 5.13(d). The azimuthal averaged intensity distribution
is plotted with a function of radial distance from the center in Figure 5.15. The diffraction
peaks for apex region are matching with diamond cubic germanium (i.e., (111), (220), (311),

& (400)) and face-cantered cubic platinum (i.e., (111)*, (200)*, (220)* & (331)*; The peaks
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with asterisk *). The appearance of platinum peaks is due to reflections from the surrounding
areas of the point of interest as the protection layer of platinum is coated on the
nanostructures. It is observed from the intensity plot that the diffraction profile is broadened,
indicating an amorphous germanium phase. Thus, the diffraction peak analysis for this
SAED pattern in Figure 5.13(d) revealed that the electron diffraction plot matches an

amorphous phase of diamond cubic germanium.
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Figure 5.16 Radial distribution function calculated for the selected area electron diffraction
ring pattern at the apex of nanostructures.

Also, radial distribution function (RDF) was determined from the SAED pattern for this

amorphous region (Figure 5.13(d)) and represented in Figure 5.16. During RDF calculations

from the diffraction ring pattern, the crystal structure was assumed to be diamond cubic
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germanium for simplicity. A very low intensity with a broad nature of each RDF peak
suggests amorphization of the material at the apex of the nanostructures. Thus, diffraction
peak analysis for the SAED pattern at the apex of nanostructures revealed an amorphous
phase of amorphous diamond cubic germanium, which suggests significant amorphization at

the apex of nanostructure walls due to ion beam irradiation.

A SAED image (Figure 5.13(e)) below the patterned area exhibit multiple reflections,
emerging from different crystalline orientations within this region compared to the single
crystal bulk germanium, due to ion irradiation induced strain. In Figure 5.13(e), the
diffraction spots match closely with calculated interplanar spacings from diamond cubic
germanium (dc-Ge) and hexagonal diamond germanium (hd-Ge) [141] as elaborated in
Appendix A (on page number 155). For this comparison, the lattice parameters for dc-Ge
was a = 5.658 A and that for hd-Ge were a=3.94 A & ¢ =6.55 A [141]. Though dc-Ge and
hd-Ge lattices exhibit some interplanar spacings having closer values, there are a significant
number of diffraction spots that match with the hd-Ge phase better, as demonstrated in
Appendix A (on page number 155). The site-specific high pressure and high temperature
during ions irradiation, instigated from the collision cascade, lead to the creation of strained
zones. Such strained zones, with an interstitial and a vacancy formed at the tetragonal Ge
sites, attribute to phase changes comprising of amorphization and hexagonal diamond
phase [57]. Thus, the existence of hd-Ge phase with different orientation of dc-Ge diffraction
pattern confirms the damage due to irradiation collision cascade in the region below

nanostructures.
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5.3.3.2 Characterizations via Raman spectroscopy

The Raman spectroscopy is an essential tool to investigate the changes in the crystallographic
properties of the material while undergoing microstructural damage and strain [142-144]. In
order to study the effect of ion beam irradiation, Raman spectra were acquired for the surface
of square nanostructures. The Raman spectra for bare and nanostructured germanium
surfaces are shown in Figure 5.17. It has been observed that, for the germanium
nanostructures, in addition to the characteristic Raman shift for diamond cubic germanium
(dc-Ge) at 301 cm™* (Figure 5.17(a-b)), there exist additional (see Figure 5.17(b)) Raman
shift peaks at 270 cm™! for amorphous germanium (a-Ge) and 290 cm™! for hexagonal

diamond germanium (hd-Ge).

The diffraction pattern at the apex of nanostructures (Figure 5.13(d)) suggests the
amorphization due to ion irradiation induced phase transition as observed by the Raman
spectroscopy (Figure 5.17(b)). The diffraction pattern for the germanium region, affected by
the ion irradiation induced collision cascade below the nanostructures, confirms the existence
of hd-Ge phase (Figure 5.13(e)). The existence of the hd-Ge phase suggests the phase
transformation consistent with the Raman spectroscopy. Earlier, the Raman spectroscopy has
revealed the undergoing microstructural damage, amorphization, and strain-induced phase
transformation in the germanium crystal [142—144]. The strained and porous germanium is
known to exhibit a hexagonal diamond phase, giving Ge-Ge Raman shift at 290 cm™2, which

is due to a metastable high-pressure phase of strained/porous germanium [142-145].
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Figure 5.17 Raman spectra for (a) bare germanium and (b) the nanostructured Ge surface.
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The observed crystalline phase transformation can lead to variations in morphology to
minimize the surface energy of the structures providing smoothing, porosity, sponge, or
nanodots [56,57]. Here, the unique self-organization mechanism is attributed to the
interaction of impinging ions with the germanium surface atoms. On ion beam bombardment,
the surface undergoes processes such as sputtering and defect formation. Also, the formation
of melt-pool due to ion impingement results in a drastic change in the local volume due to a
change in the density at the ion impingement site. Researchers have reported that the atoms
lying on the germanium surface undergo site-specific confined viscous-flow due to thermal
spikes induced by the bombardment of energetic ions [137,138,56]. The quasi-periodic
nanoholes formation on the germanium at the very surface level (i.e., up to a few nm depth)
due to broad ion beam irradiation was attributed to the viscous flow of the amorphous layer
formed due to ion beam irradiation [137,56]. The site-specific localized high pressure and
high temperature during FIB irradiation, originated from the collision cascade, lead to
creating strained zones with an interstitial and a vacancy formation attribute to amorphization
with existing vacancies in the tetragonal Ge sites [57]. The protruding morphology of the
self-organized nanostructures was confirmed from micrographs acquired by SEM as well as
AFM, and the morphology transition due to a phase change during FIB treatment is

confirmed by Raman spectroscopy and TEM.

The phase change and defect formation on ion beam bombardment at the beam-overlapping
region provide strengthening to the atoms instead of complete erosion. It has been observed
that the amorphization and phase change effects contribute to the mass diffusion similar to
the viscous flow in the affected regions [56,57]. On the ion bombardment over the

nanostructured surface, Rayleigh—Plateau Liquid-Like Instabilities leads to an increase in the
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roughness and breaking of nanostructures; this is responsible for complete etching
(sputtering) of the region with the beam overlap in materials such as silicon [146,147].
However, in the germanium surface at a specific dose and beam overlap, the viscous-flow
dynamics of the surface are correct, and the surface exhibit reorganization under the effect
of Saffman-Taylor instability. This leads to the occurrence of viscous-fingering [146-149].
On ion beam bombardment, the surface undergoes processes such as sputtering and defect
formation. At optimized dose and beam overlap between adjacent holes, atoms lying on the
overlapping region reorganize and flow like a viscous media allowing the surface

reorganization under the effect of Saffman-Taylor instability [146-149].

The protrusion of nanostructures is attributed to increased volume (swelling) driven by
amorphization and phase change on the ion beam irradiation. Viscous-fingering involving
mass diffusion and surface reorganization forces the affected atoms to organize in a way to
reduce the surface energy, and nanostructures are formed at the midpoints between the
adjacent nanoholes. In contrast to the common sputtering governed milling
phenomenon [28,139,140], in the present report, the overlapped region is found to undergo
self-organization. And, instead of getting eroded as conventionally expected, it forms a
straight wall protruding out of the surface providing better control over the morphology of

the nanoholes induced by a single FIB-spot resulting in a designed polygonal nanostructure.

5.3.4 Optical absorption

The periodic arrays of germanium nanostructured polygon could exhibit a vital role for
improved light-matter interactions [103,132]. Earlier, improved optical absorption has been
demonstrated for germanium nanostructures [131,132]. Quasi-periodic Ge nanoripples have

shown nearly 95% broadband light absorption with wide acceptance angle due to enhanced

114



light trapping involving multiple reflections amongst the nanostructures [132]. To check the
optical absorption behaviour of the nanostructures, the reflectance spectra were acquired
using a J&M Micro UV-Vis microscope spectrometer. The acquired absorptance spectra for
polygonal germanium nanostructured and bare germanium surface are shown in Figure 5.18.
It can be observed that the broadband light absorption behaviour by germanium polygons is
in agreement with the quasi-periodic germanium nanoripples reported in the previous
chapter [132]. The broadband anti-reflectance is attributed to multi-reflection induced light
trapping as well as absorption due to the graded refractive index for the nanostructured

germanium over the bare germanium surface.
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Figure 5.18 UV-Vis absorptance spectra for bare germanium and germanium

nanostructures.

115



The absorption is higher for the hexagonal nanoholes due to their greater number density per
unit surface area compared to the triangular nanoholes. The square nanoholes show an
intermediate absorption as the number density per unit surface area is in-between that of
hexagons and triangles. The UV-Vis spectroscopy suggested the antireflection with
morphology dependency for the periodic nanostructures. The broadband light absorption by
these polygonal nanostructures indicates potential exploitations to enhance light-matter

interactions towards efficient detectors and sensors.

5.4 Summary

A novel approach to fabricate nanoscale polygonal holes induced by focused ion beam
irradiation is presented. Here, the polygonal nanoholes are not formed due to the
conventional direct milling dominant strategy where polygons can be created by milling an
array of pixels for desired polygonal geometry, but the protruding polygonal nanoholes are
grown out of the surface at each FIB pixel due to self-organization of the nanoholes on
germanium surface via controlled ion beam scanning. The engineering of each spot during
FIB dwelling has been carried out to produce periodic polygonal morphologies such as
square, triangular, hexagonal, pentagonal and octagonal. Also, complex 3D structures such
as spirals, corrugated, zigzag and mushroom-shaped nanostructures are demonstrated by
self-organization. The process of self-organization by viscous-fingering provided the ability
to manipulate the morphology of each FIB spot. This is a unique capability for
miniaturization in the field of nanofabrication. The demonstrated approach has the potential
to address the roadblocking challenges in the field of nanofabrication. Thus, the unique but
straightforward process for periodic as well as protruding polygon-shaped nanoholes

fabrication process is demonstrated.

116



Chapter 6

Focused lon Beam Induced Self-Organization:
Investigations by Molecular Dynamics Simulations

Focused ion beam induced self-organization for periodic and morphologically controlled
nanostructures is attractive due to the easy process, and its potential towards a few
nanometers scaled features. However, the self-organization mechanism is not well
understood. A detailed study of interactions between ion beam and materials using atomic-
level investigations using tools like molecular dynamics (MD) simulations can reveal insight
into the underlining mechanism. This chapter presents a molecular dynamics investigation
of self-organization on germanium (100) surface with gallium focused ion beam
bombardment. For the realistic effect Gaussian beam has been set up in the simulations. The
simulations show melt-pool assisted amorphization and phase transformation on ion beam
irradiation over the germanium surface. The viscous-fingering driven self-organization at a
nanoscale level is assisted by the site-specific melt-pool and phase transformation during the

FIB irradiation.

6.1 Introduction

The previous chapters demonstrated the controlled realization and evolution of various
nanostructures such as aligned-nanoripples and periodic polygonal nanostructures on the Ge
surface by FIB induced self-organization. However, the understanding of the mechanism
behind the interesting self-organization towards complex morphologies is a challenge. The
atomistic studies of ion-solid interactions by capturing the effect of transferred kinetic energy

from the incident ions onto the target material could be useful to investigate the self-
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organization mechanism behind the polygonal formation [60-67]. The molecular dynamics
(MD) simulations can be utilized to investigate the interaction between ions and
materials [60-67]. These MD simulations are focused on the energy transfer between the
impingement ions resulting in the thermalization and atomic displacements in the target
material. The MD simulations can provide insights into the essential characteristics such as
crystallographic phase transformation, local thermalization, material self-diffusion, and
irradiation-induced alteration in mechanical properties [60,62,67,68]. Thus, MD simulations

can be useful to predict and understand the ion beam induced effects on the target materials.

The MD simulations have been applied to study the mechanism of nanopores formation and
cutting processes when energetic ions are bombarded over 2-D materials such as
graphene [65,66]. The simulations revealed that the controlled focused ion beam irradiation
is responsible for joining the two graphene sheets at the site of nanopore formation. The
defect and mechanical properties are also possible to investigate by utilizing MD simulations.
The crystallographic damage and morphology of nanoholes in the single crystal silicon were
found to be dependent on the orientation of the exposed facet and the angle of incident of ion
bombardment [67]. The nanopore creation on the silicon membrane was driven by the
boiling of atoms at the collision sites [65]. The reports on molecular dynamics simulations
using LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) for
investigating Ga* ion beams with germanium and silicon surfaces suggest the utilization of
hybrid  Stillinger—Weber (SW) [62,70,71] and Ziegler—Biersack—Littnark (ZBL)
potentials [59]. Earlier, the ZBL potential was used for interactions of bombarding ions with
Ge [62], which resulted in the amorphization of germanium upon ion irradiations. This

demonstrated the effectiveness of ZBL parameters for interactions of irradiated ions with
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germanium. Recently, MD simulations were employed to estimate the alteration in the
mechanical properties of nanowires resulting in the site-specific bending of nanowires due
to FIB irradiation [68]. Hence, atomistic investigations by molecular dynamics simulations
can be useful to understand the mechanism, by careful consideration of thermal and

crystalline damage, for the self-organization observed in the previous chapter (Chapter 5).

In the following sections, the MD interaction of gaussian-shaped gallium nano-focused ion
beam with diamond cubic germanium crystal has been reported. The temperature evolution
and change in crystallinity have been studied due to the irradiation of the ion beam. The
thermalization at the ion impingement site has been investigated towards the creation of melt-
pool due to ion irradiation. Further, four spot ion impingements have been carried out to

check the self-organization with an increase in the irradiation dose.

6.2 Molecular dynamics (MD) simulations

In order to investigate the morphology and crystallographic phase transition due to ion beam
irradiation, the molecular dynamics (MD) simulation was carried out using LAMMPS
(Large-scale Atomic/Molecular Massively Parallel Simulator) molecular dynamics
simulation package [69]. The interactions between Ge-Ge can be defined by the
Stillinger—Weber (SW) potential [62,70,71], and the high-energy collision interactions
between Ga* ions and Ge atoms can be defined by the Ziegler—Biersack—Littnark (ZBL)
potential [59,62]. As reported by Posselt et al.[71] in the atomistic study of the
recrystallization and phase transformation in germanium crystal using the molecular
dynamics simulations, the energy E in terms of Stillinger—Weber (SW) potential for the

system of atoms can be expressed as [62,70,71],
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E = Z @, (i, ) + Z @, (i, ), k) = Z edy(r;) + Z eds(ri i Ox)  (6.1)
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Equation 6.1 represents the combination of two- and three-body part of interactions
represented by @, and @5, respectively. The two-body function ensures interactions between
all the neighbors j with the atom i within the cutoff distance a. Whereas the three-body
function ensures interactions of all the neighbors j and k with the atom i within the cutoff
distance a. r;; and 7, represent the distances of atom j and atom k from atom i, respectively.
6;, denotes the angle between the vectors 7;; and 7, which is used in the three-body
interactions. The two- and three-body interaction functions for SW potential can be given
by,

p q 1
@, (1) = A lB <%> - <%> lexp (E) Z P3(i,j, k) (6.2)
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j<k

1\? y y
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——a ——a
g

g

Where ¢ and € are distance and energy scaling parameters, respectively. These scaling
parameters define the lattice constant and cohesive energy of germanium. The parameters
such as A, B, p, and g are for two-body interactions. While 4, y and 6 are used only for
three-body interaction functions with the function of interatomic distances and angles, but y
is defined by a pair of atoms. The SW potential with the parameters used by Posselt et al. [71]
provides the acceptable intuition of all the condensed germanium phases such as crystalline,
amorphous and liquid states. The essential parameters for SW defining the Ge-Ge

interactions are listed in Table 6.1 below,
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Table 6.1 Parameters for the SW potential used the MD simulations [71]

Scaling Two-body function Three-body | Cutoff
function
e@€V)| oA A B p q A % a
1.93 | 2.181 | 7.049556277 | 0.6022245584 | 4 0 195 | 1.19 1.8

The high-energy collision interactions between Ga* and Ge atoms was defined by the
Ziegler—Biersack—Littnark (ZBL) potential [59,62]. The ZBL is known as a screened
electrostatic potential describing nuclear-nuclear repulsions to include the energetic

collisions between interacting atoms. The ZBL potential can be given by [59,62],

FEpt = LB g (1) 4 (i) (64)

4-7'[60 rij

Where Z; and Z; are atomic numbers of the first atom types and the second atom types,

respectively. €, is vacuum permittivity (8.85 x 107*2 F/m) and @(x) is the screening

function, which can be expressed as,

B(x) = 0.18175¢~319980% 1 0.50986¢094229% + 0.28022e~040290% 1 0,02817¢~0-20162%

0.46850

_ Tij _
- Zl_o.23+Z]<_).23 and ; =X

An additional switching function S(rij) ensures ramping of the energy, force, and potential
curvature smoothly to zero between the inner cutoff (i.e., the distance between the pair where
switching function begins) and outer cutoff (i.e., the distance defining the global cutoff for
the ZBL interactions between the pair of atoms). The switching function is applied to each

pairwise interaction.

The simulation of Ga beam bombardment was performed on the germanium crystal with a

diamond cubic lattice. The MD simulations were performed using the Cray XC computing
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system with 1X BDW processor (18 cores) and an accelerator (1X P100, 16 GB). The open
visualization tool (OVITO) [150] was used for the visualization and analysis of the results
obtained from MD simulations. Three regions are defined in the germanium crystal (of size
20 nm x 20 nm x 14 nm), namely, fixed, thermal and sputter region. The FIB gun region was
defined along the central vertical axis of germanium crystal at 1 nm over the top of the
surface. The diameter of the FIB gun was taken as 2 nm diameter. The central rectangular
region with size 16 nm x 16 nm x 11 nm was kept as Newtonian atoms, which is called
sputter region (grey). The bottom 1 nm thick layer (green) was fixed in space to hold the
simulation domain, as shown in Figure 6.1 steadily. The thermal region (blue) was 3 nm thick

around the sides and 2 nm thick at the bottom of the sputter (Newtonian) region.

Sputter region FIB region

o~

region SagE

Figure 6.1 The perspective 3D view of the MD simulation set-up with different regions in

the simulation domain and FIB region at the top.
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6.3 Results and discussion

In addition to the sputtering of the atoms, the thermalization due to the ion irradiation plays
a vital role in the crystallographic damage and hole creation on the target surface. Hence, to
investigate the irradiation induced damage on the germanium crystal, the temperature

evolution and change in crystallinity were investigated as discussed in the following sections.

6.3.1 Temperature evolution

In conventional ion beam milling, the overlapped region between the adjacent beam positions
is expected to erode with an increase in the dose (Figure 5.1). However, here it is found that
the overlapping region protrudes out of the surface and takes the shape of a straight wall.
This suggests that there exists a phase transformation during the Ga* FIB irradiation on the
germanium surface. Earlier, it was reported that on ion beam irradiation, the germanium
surface exhibits melt-pool assisted amorphization and phase change [57,56,62]. This
formation of melt-pool assisted amorphization could be the driving force for present self-
organization. During the experiments, the energy of Ga* was 30 kV, however, in the MD
simulations it was 2 kV (velocity of 744 A/ps) to limit the size of the simulation domain for

a feasible computation requirement.

The microcanonical ensemble NVE integration was used for all the atomic dynamics. The
thermal region was kept as a thermostat (300 K) to absorb the kinetic energy imparted by the
ion bombardment to the sputter region. The FIB milling studies revealed that the ion flux at
the center of the beam is higher and it is lower at the beam edge (radially), and the intensity
across the beam can be represented by Gaussian distribution [67,151-153]. Hence, the ion
beam intensity across diameter was taken as Gaussian distribution for the irradiation in the

MD simulation to represent the realistic Gaussian distribution of the FIB beam [67,151-153].
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The kinetic energy of Ga ion was 2 kV with the Gaussian beam intensity distribution (with
FWHM 0.8 nm) as depicted in Figure 6.2(a), and the gun diameter was 2 nm. The set
Gaussian distribution produces a typical ion distribution along the beam cross-section, as
seen in Figure 6.2(b). The simulations were carried out with variable time steps (0.005 to 0.5

fs) to restrict the maximum displacement of 0.02 A in any time step.

(a) (b)
FWHM =0.8 nm

0.5 1
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Figure 6.2 (a) The ion beam intensity across the diameter of for the radial distribution of
ions. (b) The representation for a typical ion distribution in the beam cross-section
corresponding to parameters in (a).

Before the irradiation of ions, the germanium crystal was equilibrated at room temperature
for 30 ps. In total, 100 ions were bombarded, each at an interval of 10 ps. The relaxation time
of 10 ps was set after each ion impingement to ensure the thermal stability of the system, as
reported in the reference [62]. Here, to ensure the faster simulation running time, the ion
beam current in the simulations was taken relatively higher (16 nA) than the experimental
value (50 pA). The thermostat and the interval of ion impingement also ensured the realistic
temperature spike in the sputter region with the cooling of the sputter region after each ion

bombardment (see Figure 6.3(a)). The average temperature of the sputter region decreased
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down to room temperature after the 30 ps of the last ion impingement (see inset of Figure
6.3(a)). The temperature, being a canonical ensemble quantity, can be estimated by using the
average kinetic energy of the atoms in the crystals as reported in the reference [72] to

estimate the per atom temperature in the affected region.

The temperature of germanium atoms in the sputter region was estimated using the average

kinetic energy of the atoms in the 1 nm radius of the central atom by the following equation,
1onN 2 _ 3
521' m;v; = ENka (65)

Where m; and v; are atomic mass and velocity of ith atom; N is the total number of atoms,
including the central atom (inside the radius of 1 nm from the central atom); k,, is Boltzmann
constant. Thus, T would give the calculated value of temperature for the central atom from
the spatial average of all the atomic sites lying in the 1 nm radius of the central atom. There
are typically 184 germanium atoms in 1 nm for diamond cubic lattice (as the atomic radius
for Ge is 1.39 A), which is a significant number of atoms to estimate per-atom temperature
by the method mentioned above. The cross-sectional snapshots of the per-atom temperature
distribution for atoms in yz-plane after the last ion irradiation are shown in Figure 6.3(b). The
red coloured region in Figure 6.3(b) shows that the temperature of germanium atoms is
higher than the melting point (Tm = 1211 K) of germanium, suggesting localized melting with
the Ga* ion bombardment. We can call this volume (a spherical volume of ~4 nm diameter)

a localized melt zone [62,154].
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Figure 6.3 (a) The evolution of the temperature, from the MD simulation of Ga* FIB

irradiation on Ge for the sputter region, shows the temperature spike with each ion

impingement. Inset is the magnified view of temperature at the end of the irradiation time.

(b) Snapshots illustrating the time evolution of temperature distribution on the yz-plane of

the sputter region. The scale bars are of 4 nm.
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The collision cascade due to ion impingement is stopped at 1022 ps, i.e., 2 ps after the last
ion impingement. As seen from the inset of Figure 6.3(a), the thermal spike begins to cool
down at 1022 ps. Further, as seen from Figure 6.3(b), at time t = 1022 ps, the local
temperature distribution shows that the central atoms have a temperature higher than the
melting point, representing the melt zone. However, the average temperature is below 400 K
for the sputter region. The average temperature of the sputter region reduces gradually with
time, giving the melt zone temperature of ~1300 K, ~900 K and ~600 K at t = 1026, 1041
and 1060 ps, and the corresponding average temperature of the sputter region being 380, 325

and 305 K, respectively.

It should be noted here that the ion beam energy and total ions/spot are as low as 2 kV and
100 ions/spot, respectively, compared to the experimental values of 30 kV and dose/pixel of
5.62 x 10° jons/spot. Hence, during the experiment, the size of nanoholes and range of melt
zone are relatively larger than the present simulations and with an increase in dose, the depth
of nanoholes increases [139,62,67]. The increase in the depth of nanoholes with an increase

in irradiation time leads to higher melt zone volume.

6.3.2 Crystallinity changes

The atomic displacements for Ge atoms in the sputter region were calculated with the open
visualization tool OVITO tool [150]. The kinetic energy from the impinging gallium ion
transfer to some of the germanium atoms. This Kinetic energy transfer occurs due to elastic
collision by impinging ions, and a few germanium atoms experience displacement with a
translation velocity along the crystal. After the collision with the incidence ion, the
germanium atoms lead to a collision cascade resulting in multiple germanium atoms getting

displaced. The trajectories of this translation movement of the germanium atoms were
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captured, and the magnitude of atomic displacements before the irradiation (at t = 30 ps) and
after the irradiation (at t = 1060 ps) was estimated. The 3D and cross-sectional views of the
atomic displacements are as shown in Figure 6.4. It can be seen from Figure 6.4(b & d) that
the atoms in the melt zone region have been found to have undergone a high magnitude of
displacement (upto 7 nm, red coloured atoms in Figure 6.4). Such a high magnitude of
translations for a low energy (2 kV) irradiation suggests massive atomic displacements for

the high energy irradiation (30 kV) during the FIB experiments in Chapter 5.

(a) (b)

AR

n‘
" SRS

(d)

Figure 6.4. The 3D view of sliced sputter region for the atomic displacement (a) before
and (b) after irradiation. The cross-sectional view of the sputter region for atomic
displacement (c) before irradiation (at t = 30 ps) and (d) after irradiation (at t = 1060 ps).
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The site-specific heat treatment and atomic displacement during the ion beam irradiation lead
to the change in crystallographic arrangements of atoms. Hence, it is useful to check the
radial distribution function of the sputter region in order to estimate crystallinity change in
the germanium crystal. The resulting crystallographic changes in the germanium crystal can
be seem in Figure 6.5 from the radial distribution function (RDF) before and after the
irradiation for the sputter region. Reduction in the crystallinity of the germanium due to ion

irradiation was indicated from the intensity reduction in the discrete peaks of the RDF.

40
before irradiation
35 after irradiation
5 - “
C— 30 -
§e) ]
S 25-
=)
C
S 20-
3
O
E 15
©
9 10
©
[\
o
0 ' I ! 1 ' !
2 3 4 5 6
Pair separation distance (A)

Figure 6.5 Effect of irradiation on the RDF (Radial distribution function) of the sputter
region for damage in crystallinity due to Ga* FIB irradiation on the Germanium surface.
In order to identify crystal structure for the atomic sites, modified common neighbour
analysis upto the second neighbour list was performed [155]. As seen in Figure 6.6, the

amorphous (white coloured), cubical diamond (blue coloured) and hexagonal diamond
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(orange coloured) sites are found to be present in the melt pool zone. Similar to the cubic
diamond lattice, the hexagonal diamond lattice has a tetrahedrally bonded site. The
hexagonal diamond lattice is present in the polycrystalline germanium matrix when it
undergoes strain or heat treatment [156-158]. The presence of hexagonal diamond cubic
germanium and amorphization was also observed from the Raman spectroscopy (Figure

5.17(b)) and diffraction patterns acquired using TEM (Figure 5.13(d & €) in Chapter 5.

before irradiation after irradiation

Amorphous

. Cubic diamond

Hexagonal diamond

11 nm

Figure 6.6 3D sliced view of the sputter region for the crystallinity changes due to Ga* FIB

irradiation on the Germanium surface.

6.3.3 Demonstrating FIB induced self-organization

In order to check the self-organization similar to the experimental results for the polygon
formation in Chapter 5 (see Figure 5.2), four FIB spots were set up at —200% beam overlap
on the germanium crystal of the size as used in the previous single spot simulations. Gallium
ions were bombarded with 5 keV energy (velocity of 1176 A/ps), and the total dose for each
FIB gun was 200 ions/spot. The other simulation parameters were the same as previous
simulations of the single spot impingement. At each spot, 200 ions were bombarded, each at

an interval of 10 ps. Thus, the total number of irradiated ions was 800. The raster scanning
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of FIB irradiation was performed in a manner such that a single ion is bombarded per spot at
each scan. The snapshots for the top view of the germanium crystal after the simulation are

shown in Figure 6.7. The red spheres represent germanium atoms, and the blue spheres

represent gallium ions in the simulation domain space.

(@) (b) |

Figure 6.7 Top view of self-organization simulation via four FIB spots. The snapshots are
after irradiation of (a) 150 ions per spot and (b) 200 ions per spot. These top views of the
germanium crystal region are of the scale 20 nm x 20 nm.

Each top view in Figure 6.7 represents a slice of the top 5 nm surface. It is clear from the top
view that the sputtered region is circular for low dose as the boundaries of adjacent spots are
far, and sputtered regions do not interact with each other (Figure 6.7(a)). However, for higher
doses (Figure 6.7(b)), the boundaries are closer due to an increase in the sputtered region,
and they start interacting with each other. It can be noted that the boundaries seem to
strengthen and takes a straight shape (Figure 6.7(b)) instead of a curved shape of the initial
circular sputtered region (Figure 6.7(a)). The simulation region being small, there are
limitations when investigating the dynamics of surface reorganization such as melt-pool

assisted diffusion as the boundaries and collision cascade reach up to the thermal and fix
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regions of a germanium crystal. Defining a larger simulation region is not feasible due to
computational limits; hence, these simulations of four-spot ion beam impingement are
needed to be optimized to a great extent for a thorough investigation of dynamics governing

self-organization with scaled-up MD simulations.

6.3.4 Proposed mechanism of polygon formation via viscous-fingering

Contrary to the common sputtering phenomenon seen in silicon, in the experimental results
in Chapter 5, the overlapped region is found to undergo phase transformation. Thus, instead
of getting eroded as conventionally expected, it forms a straight wall protruding out of the
surface providing better control over the morphology of the nanoholes induced by a single
FIB spot. As suggested by MD simulations, the combined effect of melt-pool (Figure 6.3)
assisted amorphization and phase change (Figure 6.5 and Figure 6.6) contribute to the mass
diffusion up to a short range and mimics the viscous flow in the affected regions [57,56,62].
Such phase transformation can lead to variations in morphology to minimize the surface
energy of the structures providing smoothing, porosity, sponge, or nanodots [56,57,154].
Here, the unique self-organization mechanism is attributed to the interaction of impinging
ions with the germanium surface atoms. On ion beam bombardment, the surface undergoes
processes such as sputtering and defect formation. The phase change and defect formation
on ion beam bombardment at the beam-overlapping region provide strengthening to the
atoms against complete sputtering. The combined effect of melt-pool assisted amorphization
and phase transformation contribute to the mass diffusion up to a short range. Which mimics
the confined viscous flow in the affected regions [57,56,62]. It has been reported that the
fingering patterns emerge along the interface of a viscous fluid to minimize the surface

energies when the flow of viscous media is affected by resistance such as the flow of less
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viscous fluid [148,159], air [160], or particles [161]. This process of fingering pattern
formation is called Saffman-Taylor instability, also widely known as viscous-
fingering [148,159]. The controlled viscous-fingering with the utilization of modified Hele
Show cell, which has periodic pores, leads to the formation of polygonal formations at
millimeter-scale [148,159]. The results of the formation of ordered polygons in the previous
chapter (SEM images in Figure 5.2) seem to mimic the ordered polygonal fingering in the
Hele Show cell due to viscous-fingering at the nanoscale. Thus, the viscous-flow of the
amorphous surface at walls between adjoining nanoholes under the overlapping region is
forced to reorganize radially along the vertical axis of the incident ion beam. The phase
transformation and viscous-flow on ion beam bombardment at the beam-overlapping region

inhibit the complete sputtering of the atoms on collision with incident ions.

The other interesting aspect observed is a protrusion of nanostructures (AFM results in
Figure 5.6) above the target surface, suggesting the potential for 3D structure fabrication.
The protrusion is attributed to increased volume (swelling) driven by amorphization and
phase transformation on the ion beam induced reorganization (Selected area electron
diffraction in Figure 5.13(d-e) and Raman spectroscopy results in Figure 5.17). Further, the
viscous-fingering, involving mass diffusion and surface reorganization, forces the affected
atoms to organize in a way to reduce the surface energy, and straightened walls are formed
at the midpoints between the adjoining nanoholes. Subsequently, polygonal morphologies
are evolved based on the placement of the FIB spot (SEM images in Figure 5.2). At optimized
dose and beam overlap between adjacent holes, atoms lying on the overlapping region

reorganize and flow like a viscous media allowing the surface reorganization under the effect
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of Saffman-Taylor instability, which leads to the occurrence of viscous-fingering to

minimize the surface energy [146-149].

Thus, the mechanism for the formation of polygonal nanoholes can be summarised in three
stages as seen in Figure 5.1(b): (i) initial circular nanoholes with low dose irradiation due to
milling process as melt-pool zones are far apart and do not interact with each other, (ii) with
an increase in the dose the size of the nanoholes increases and melt-pool zones of
neighbouring nanoholes start interacting with each other, (iii) on the further increase in the
dose the walls between adjoining nanoholes strengthen due to the viscous-fingering
phenomenon, and periodic polygonal nanoholes are formed. In contrast to the common
sputtering governed milling phenomenon, [28,139,140] in the present report, the overlapped
region is found to undergo self-organization. Instead of getting sputtered as conventionally
expected, the material forms a straight wall protruding out of the surface providing better
control over the morphology of the nanoholes induced by a single FIB-spot, resulting in a

designed polygonal nanostructure.

6.4 Summary

The molecular dynamics simulations reveal melt-pool assisted amorphization and phase
transformation on ion beam irradiation over the germanium surface. 2 keV energy gallium
ion beam is found to create site-specific temperature in the germanium above the melting
point. It is evident that the higher energy ion beam will lead to the formation of a melt-zone
having a larger volume for a relatively longer duration. Strengthening the existence of
metastable germanium phase from TEM and Raman spectroscopy in the previous chapter,
MD results suggest hexagonal diamond phase in the matrix of amorphous/polycrystalline

germanium after ion beam irradiation. Saffman-Taylor instability is the driving force behind
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the unique morphology of the nanoholes in the germanium surface. The mechanism behind
the morphology transition is found to be governed by the viscous-fingering effect at a
nanoscale level, which is assisted by the site-specific melt-pool and phase transformation
during the FIB irradiation. The large-scale molecular dynamics simulations are necessary to

understand the dynamics of surface reorganization on ion beam bombardment.
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Chapter 7

Conclusions and Outlook

This chapter provides an overview on the conclusions of this thesis and presents an outlook

on the directions for futures research.

7.1 Conclusions

In this thesis, the research work demonstrates the manipulation of the ion beam induced self-
organization resulting in the varied morphologies of the nanostructures. The irradiation of
broad argon ion beam on gold and silicon was studied, and simply a change in rotational
conditions resulted in the morphological tunning of the self-organized nanostructures.
Moreover, starting from the quasi-periodic nanoripples to highly periodic and protruding
nanoscale polygons of germanium were achieved by the gallium focused ion beam. The
electron microscopy, atomic force microscopy, Raman spectroscopy, and atomistic
investigations with molecular dynamics simulations were carried out to characterize as well
as to investigate the self-organized morphologies and the underlying mechanism. The

summary of conclusions is as follows,

e Demonstrated the formation of self-organized gold nanocones by argon ion beam
bombardment on a large area. It has been observed that the rotation of the sample
during ion beam sputtering plays a significant role in defining the final morphology
of the nanostructures.

e A hybrid tri-layered gold-nanocone/graphene/gold-nanohole structure is proposed
and numerically investigated with electromagnetic simulations using the FDTD

method. The results obtained from numerical simulations reveal that the proposed
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structure gives a high SERS enhancement factor of the order of 10° for the graphene
layer of 1 nm thickness. Hence, the proposed hybrid plasmonic structure has the
potential to provide a highly sensitive SERS signal, and it would be useful for
efficient molecular sensing.

Formation of nanoripples with variant orientations such as parallel and perpendicular
to the ion beam scanning direction is demonstrated. The results provide a novel
approach to manipulate the orientation of nanoripples by simply changing the beam
overlap and thus enabling the fabrication of varied nanoripples on a defined area.
Using this approach, different nanoripple orientations can be achieved at the normal
incidence of the focused ion beam itself, which is advantageous over the conventional
approach of varying incident angle.

The broadband light trapping for the FIB induced germanium nanoripples both
experimentally and through FDTD simulations was demonstrated. The resultant light
absorptance is about 95% for the visible light range. Such broadband light absorption
in nanostructured germanium can lead to higher efficiency in photovoltaic based
devices.

A novel approach with viscous-fingering at the nanoscale to fabricate nanoscale
polygonal holes induced by focused ion beam irradiation is presented. Here, the
polygonal nanoholes are not formed due to the conventional direct milling dominant
strategy where polygons can be created by milling arrays of pixels for desired
polygonal geometry, but the protruding polygonal nanoholes are grown out of the
surface at each FIB pixel due to the self-organization of the nanoholes on germanium

surface via controlled ion beam scanning.
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The research demonstrates the engineering of each spot during FIB dwelling to
produce periodic polygonal morphologies such as square, triangular, hexagonal,
pentagonal, and octagonal. Hence, in addition to the precise nanoscale control on self-
organization, the study also fosters the advancement in FIB processes towards
manipulating the individual nanoholes (induced by each FIB-spots), offering a unique
and novel capability in the field of FIB-nanofabrication.

To check the effect of FIB irradiation on germanium, atomistic simulations with
molecular dynamics (MD) were carried out for interactions of bombarding Ga* ions
with Ge crystal. The influence of thermalization and crystallographic changes in the
germanium on Ga* irradiation was investigated by molecular dynamics (MD)
simulations. The MD simulations predicted the site-specific temperature spike
creating a melt-pool assisted phase transformation resulting in hexagonal diamond
lattice sites of Ge within the amorphous phase of Ge at the ion impingement regions.
These results agree with the results from selected area electron diffraction and Raman
spectroscopy for the polygonal nanostructures.

The mechanism behind the morphology transition is driven by a viscous-fingering
effect at a nanoscale level, which is assisted by the site-specific melt-pool formation
and phase transformation during the FIB irradiation on the germanium surface. The
presented findings will open new avenues on the easy fabrication of nanoscale 3D
structures and towards high-efficiency germanium based photovoltaic as well as

photonics applications

139



7.2 Directions for future research and developments

The demonstrated approach for varied polygonal nanostructures by easy single spot FIB
processing has the potential to address the roadblocking challenges in the field of
nanofabrication. Thus, the unique but straightforward process for periodic as well as
protruding polygon-shaped nanoholes fabrication process is demonstrated. Such germanium
nanostructures can be significantly useful for bio-sensing, photodiodes, and microfluidics.
Using the FIB system with a low beam current or with different ion sources can lead to
obtaining yet smaller polygons of the size lesser than 10 nm. For example, He* FIB can
provide a probe size of ~5 nm, which could be utilized to realize the smaller polygonal
nanostructures by the presented strategies. The future experiment on FIB self-organization
can be extended on the other similar materials, in terms of similar sensitivity with ion beams,
such as copper, aluminium and silver, etc. Future research on the presented self-organization
for other materials would enable us with a plethora of applications. Different FIB sources
exhibit unique and varied interactions with different materials samples due to material-
dependent sensitivity, sputter yield, and mechanical/thermal properties of materials. Hence,
there are unique and diverse scopes for future research to utilize the presented self-
organization methods for materials scientists to develop advanced applications of

nanostructures.

The present study has the potential to provide an easy way of controlling the orientation of
nanoripples, which can aid in the design of high-efficiency germanium-based photovoltaic
devices. Germanium nanostructures exhibit localized surface plasmon resonance in the
infrared spectrum [162]. Hence, a localized surface plasmon resonance (LSPR) and light

confinement enhanced infrared photodetector can be designed as represented in Figure 7.1.
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(a) (b)

FIB Induced Ge-polygons Transferring graphene on Ge-polygons

(c)

Ge-nanodots deposition on e-beam
evaporation

Figure 7.1 Schematic for fabrication of Gee-nanodots/Graphene/Ge-nanostructures for
LSPR in IR region
The hybrid, tri-layered Ge-nanodots/Graphene/Ge-nanostructures, the photodetector can be
fabricated in two steps: (1) transferring graphene on FIB induced self-organized germanium
polygons (Figure 7.1(b)), and then (2) germanium nanoclusters can be deposited on
Graphene/Ge-nanostructures using electron beam evaporation technique (Figure 7.1(c)).
Owing to the enhanced optical absorption in the broad wavelength range, amorphous Si/Ge
photodetector can be designed from the self-organized germanium nanostructures [130]. The
device can be prepared from FIB-induced germanium nanostructures by thermal deposition

of the silicon layer on the germanium nanostructures.

The presented controlled fingering pattern formation with viscous-fingering can be exploited
to develop a theoretical model at nanoscale fingering based on Saffman-Taylor instabilities

on ion beam irradiation. The attempts to connect this observed nanoscaled viscous-fingering
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with the macroscaled viscous-fingering occurring in a Hele Show cell will provide an
essential aspect of the phenomenon, which could be useful to achieve such self-organization
into different kind of materials. The theoretical MD simulations demonstrated in this thesis
could also be used to predict the feasibility of similar self-organization in different metal and
semiconducting materials. The essential requirement of viscous-fingering driven self-
organization would be that the material of interest should exhibit similar response as
germanium on ion irradiation with optimized crystallographic and thermalization conditions.
The mass transport (diffusion) and surface re-organization could be studied to strengthen the
understanding of the morphology transitions. The theoretical knowledge acquired through
extensive experiments on different materials and MD simulations could be extended towards
developing a robust model for complex morphologies and manipulating nano-/pico-scaled

structures.
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Appendix A

Indexing SAD diffraction pattern in Figure 5.13(e):

The crystallographic plane identification was carried out for the mixed crystalline
germanium phase below the nanostructures shown in the selected area electron diffraction
(SAED) pattern (Figure 5.13(e)). First, the positions of diffraction dots were marked, as
shown in Figure A.1. Then, the interplanar spacing values were measured and compared with

calculated interplanar spacings for dc-Ge and hd-Ge, as shown in Table A.1.

hkl indexing
for Figure 5.13(e)

Figure A.1 Diffraction spots in the electron diffraction pattern below the nanostructures
(i.e., for the SAED pattern shown in Figure 5.13(e) of the main text). The numbering
indicates the spots that are indexed in Table A.1.

The measured values of interplanar spacing were compared with the calculated d-spacing

values of diamond cubic germanium (i.e., dc-Ge with a lattice constant a = 5.658 A) and

hexagonal diamond germanium (i.e., hd-Ge with lattice constants a = 3.94 A & ¢ = 6.55
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A) [141], and are shown in Table A.1. There is an excellent agreement between the measured
and calculated d-spacing values. Some of the interplanar spacings for dc-Ge and hd-Ge are
very close, as can be observed from Table A.1, there are a significant number of diffraction
spots that match with interplanar spacings from hd-Ge better than the closest interplanar
spacings from dc-Ge. Hence, the existence of hd-Ge phase within the matrix of dc-Ge was
identified to agree with the Raman spectroscopy and molecular dynamics studies.

Table A.1 Comparing the measured interplanar distances with calculated values for (hkl)

indices of dc-Ge and hd-Ge. For any diffraction spot, if the calculated d-spacing values of

both the phases match with the measured d-spacing value, then the closest interplanar

distance is shown with red coloured indices.

Spot | Measured Calculated Spot | Measured Calculated
No. d (A) d (A) / (hkl) No. d (A) d (A) / (hkl)
dc-Ge hd-Ge dc-Ge hd-Ge

1 | 0.686+0.024 | 0.691(733) - 25 | 1.751+0.061 | 1.706(311) -

2 | 0.673+0.031 | 0.667(660) - 27 | 0.916 + 0.029 | 0.895(620) | 0.909(312)

3 | 0.757+0.017 | 0.756(642) - 28 | 0.917 +0.029 | 0.895(620) | 0.909(312)

4 ]0.759 £ 0.017 | 0.756(642) - 29 | 1.739 +0.041 | 1.706(311) -

5 |0.920 +0.029 | 0.895(620) | 0.909(312) | 30 | 3.368 +0.086 - 3.412(100)

6 | 0.617 +0.061 | 0.653(751) - 31 | 1.797 £ 0.060 - -

7 10.920+0.015 - 0.909(312) | 32 | 2.049+0.072 | 2.000(220) -

8 |0.986+0.019 | 1.000(440) | 0.985(220) | 33 | 1.177£0.045 | 1.155(422) | 1.200(232)

9 |0.886+0.015 | 0.895(620) - 34 | 1.333+0.044 | 1.298(331) | 1.289(210)
10 | 1.120 +0.023 - 1.137(300) | 35 | 0.976 +0.019 - 0.985(220)
11 | 1.117 £0.023 - 1.137(300) | 36 | 1.753+0.061 | 1.706(311) -

12 | 0.589 +0.092 | 0.653(751) - 37 | 0.709 + 0.025 | 0.707(800) -

13 | 1.029 + 0.039 | 1.000(440) - 38 | 1.460 + 0.066 | 1.414(400) | 1.513(202)
14 | 1.185+0.023 - 1.200(232) | 39 | 1.027 £0.039 | 1.000(440) -
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