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Lay Summary

This thesis explores the evolution of nanopatterns on solid substrates under various
unconventional ion beam configurations in contrast to the conventional ones. These con-
figurations include intermittent sputtering sequences to study surface relaxation effects,
azimuthally swinging geometry at variable speeds to study surface morphological tran-
sitions and azimuthal swinging to study coarsening phenomena and hierarchical surface
formation. Additionally, the potential for increased pattern order using these techniques is
investigated. Conventional ion beam irradiation methods have been compared with these
unconventional approaches. The primary objectives were to understand the mechanisms
behind nanopattern formation and to explore methods for improving pattern quality and
increasing structural ordering.

The intermittent sputtering method involves irradiating the surface intermittently
with Ar™ ions at oblique incidence, allowing it to relax within intervals of varying du-
rations. Nanoripples dominate the irradiated surfaces, accompanied by hierarchical tri-
angular structures at lower energies. We find that ripple ordering peaks at intermediate
sputtering intervals, and the area of triangular structures varies with these intervals. Our
findings align with numerical simulations, suggesting that intermittent sputtering holds
promise for tailoring ion-beam nanostructured surfaces.

In the next study, we explored the morphological changes on silicon surfaces induced
by 500 eV Ar* ion sputtering at a 67° incidence angle, using a novel substrate swinging
technique. By varying azimuthal angles and rotation speeds, we identified four distinct
regimes of nanostructure morphology, including ripples with and without triangular struc-
tures, smooth surfaces, and disordered ripple topographies. Notably, ripple wave vector
orientations exhibited sudden shifts at certain azimuthal angles. These findings enhance
our understanding of surface evolution under unconventional ion sputtering, potentially
advancing theoretical models and offering insights into practical applications of surface
patterns.

In our follow-up study, we investigated how Si(100) surfaces evolved under 500 eV
Art irradiation at a polar angle of 67°, employing a novel technique of azimuthal sample
swinging (20° (= A¢). We found that the swinging sample exhibited prolonged wave-
length coarsening, while ripple anticoarsening was observed for the static sample at high
fluences. This unconventional geometry directly influenced both linear and nonlinear

growth regimes, leading to reduced asymmetries in surface structures. Our findings high-



light the role of near-surface mass redistribution events, sputtered atom re-deposition
effects, and differential exposure conditions in the swinging geometry. This study con-
tributes to a better understanding of the spatio-temporal pattern formation benefits of
unconventional azimuthal swinging geometry in ion beam sputtering, with potential ap-
plications in various fields.

A further work explores the impact of asymmetric azimuthal swinging angles (A¢) on
self-organized nanostructures under low-energy Ar* ion beam irradiation. This config-
uration reveals rotated triangular structures and nanoripples. These patterns challenge
traditional explanations based on curvature-dependent instability terms. A parameter
space for Art ion bombardment with swinging substrates inducing rotated nanostruc-
tures on Si surfaces is identified.

In summary, the experimentally observed results presented in this thesis are very use-
ful. They contribute significantly to the fundamental understanding of pattern formation
and ion-solid interaction. Furthermore, they facilitate the investigation of pattern forma-
tion under unconventional techniques aimed at enhancing surface ordering and reducing

surface defect density.
Keywords: Surface nanopatterning, Low energy ion beam irradiation, Unconventional

methods, Power spectral density, 2D slope distribution, Autocorrelation function, Atomic

microscopy force
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4.16

4.17

5.1

5.2

Schematic demonstrating 2d slope distribution for symmetric and asym-
metric nanopatterns. Left panel: Representative AFM images showing
symmetric and asymmetric ripple patterns. Middle panel: Line profiles
obtained from AFM images in parallel and perpendicular directions. Red
arrows indicate the incident ion beam. Front and rear faces are marked
with the signs of their respective slopes. Right panel: 2D slope distribu-
tions of the corresponding AFM images. 1D line profiles across the major

axis of the distributions are also shown. . . . . . . . . . . . ... ... ...

2D slope distributions of irradiated surfaces for A¢ = 70° rotating at differ-

ent rotational speeds. The horizontal axis is along the ion beam direction.

The red arrow indicates the initial direction of the ion beam prior to swinging. 97

1D line profiles obtained along the major axes of the 2D slope distributions
for 500 eV Ar™ irradiated Si surfaces for (a) different swinging angles from
0° to 360° and (b) different rotational speeds from 1 RPM to 16 RPM at
A¢ = 70°. The red arrow indicates the initial direction of the ion beam

prior to swinging. . . . . . . . . ...

Schematic showing the swing geometry adapted during IBS. Here, 0 (= 67°)
is the polar angle between the 500 eV Art ion beam (blue arrow) and the
surface normal. The sample azimuthally swings in a span of 20° about the

Z-AXIS. . . e

3 x 3 um* AFM images of static Si surfaces irradiated with 500 eV Ar*
ions at § = 67° for different values of sputtering time (or fluence) in mins
(fluence in units of ions cm™2) such as: (a) 0.5 (2.5x10'), (b) 1 (5x10'®),
(c) 2 (10x10'%), (d) 3 (1.5x10'), (e) 4 (2x10'9), (f) 5 (2.5x10'), (g) 7
(3.5x10%), (h) 10 (5x10'), (i) 15 (7.5x10'), (j) 20 (10x10'), (k) 25
(1.2x10%), and (1) 30 (1.5%x10%°), respectively. Black arrow indicates the

ion beam direction. Top right insets: FFTs of corresponding AFM images.
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5.3

5.4

5.5

5.6

1 x 1 um? AFM images of static Si surfaces irradiated with 500 eV Ar+
ions at # = 67° for different values of sputtering time (fluence) in mins (in
ions cm?) such as: (a) 0.5 (2.5x10'%), (b) 1 (5x10'8), (c) 2 (10x10'®),
(d) 3 (1.5x1019), (e) 4 (2x10%), (f) 5 (2.5x10%), (g) 7 (3.5x10'), (h) 10
(5x109), (i) 15 (7.5x109), (§) 20 (10x10'9), (k) 25 (1.2x10%), and (1)
30 (1.5x10%°), respectively. Black arrow indicates the ion beam direction.

Top right insets: FFTs of corresponding AFM images. . . ... ... ...

(a) 3 x 3 pm? AFM micrograph of pristine Si surface. Top right inset:
2D FFT (square root of the 2D PSD) corresponding to the AFM images.
Bottom left inset: 2D slope distribution corresponding AFM image. (b)

Power spectral density of the pristine Si surface. . . . . . .. ... ... ..

3 x 3 um? AFM images of swinging Si surfaces irradiated with 500 eV Ar*
ions at 6 = 67°, a total swinging angle of A¢ = 20° and with a variation
of sputtering time (or fluence) in mins (fluence in units of ions cm~?) such
as: (a) 0.5 (2.5x10'®), (b) 1 (5x10'8), (c) 2 (10x10'®), (d) 3 (1.5x10'),
(e) 4 (2x10"), (f) 5 (2.5x10"), (g) 7 (3.5x10'), (h) 10 (5x10'), (i) 15
(7.5x10'), (j) 20 (10x107), (k) 25 (1.2x10?"), and (1) 30 (1.5x10*°) min,
respectively. Black arrow indicates the initial ion beam direction prior to

swing. Top right insets: FFTs of corresponding AFM images. . . . .. ..

1 x 1 um? AFM images of swinging Si surfaces irradiated with 500 eV Ar*
ions at 6 = 67° for different values of sputtering time (fluence) in mins (in
ions em~2) such as: (a) 0.5 (2.5x10'), (b) 1 (5x10'8), (c) 2 (10x10'®),
(d) 3 (1.5x1019), (e) 4 (2x10%), (f) 5 (2.5x10%), (g) 7 (3.5%10'), (h) 10
(5x1019), (i) 15 (7.5x10'9), (j) 20 (10x10"9), (k) 25 (1.2x102), and (1)
30 (1.5x10%°), respectively. Black arrow indicates the ion beam direction.

Top right insets: FFTs of corresponding AFM images. . . ... ... ...



5.7 Log-log plot of 1D PSD with spatial frequencies calculated from AFM im-
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5.10 (a) 3 x 3 pm? AFM micrograph of Si surface. (b) 2D FFT of the AFM
image. (c) Line profile obtained from the 2D FFT along the horizontal
direction. Red arrows indicate that (b) is obtained from (a) and (c) is
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5.12 Autocorrelation length obtained for Ar* irradiated Si surfaces at 6 = 67°
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both short and long wavelength components. . . . . . . .. ... ... ...
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5.19

Evolution of wavelength for 500 eV Ar* irradiated Si surface for (a) static,
and (b) azimuthally swinging substrate. 1/z represents surface roughness

exponent. . ..o oL L Lo e e e

(a) 3x3 um? AFM micrographs of 500 eV Ar™ irradiated Si at 67° for 5 min
: (b) 2D FET of (a). The white circle includes(excludes) the long(short)-
wavelength components of the pattern. (c) Topographic image for the
short-wavelength component of (b) obtained using inverse FFT (z scale =
7 nm). and (d) Topographic image for the long wavelength component of

(b) obtained using inverse FFT (z scale = 3.7nm). . . ... ... .. ...

Fractal dimensional analyses of samples with increasing sputtering time at

0 = 67° for (a) static and (b) azimuthally swinging (A¢ = 20°) substrates.

Schematic (not to scale) demonstrating 2D slope distribution estimations.
Top left panel: Representative AFM image showing ripple patterns. Top
right panel: Shaded line profiles obtained from AFM images in parallel
and perpendicular directions. Blue arrows indicate the incident ion beam
directions. Front and rear faces are marked with the signs of their respective
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2D slope distributions of 1 x 1 yum? AFM images of Art irradiated static
Si surfaces at # = 67° have showed for different sputtering times. The hori-
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The red arrow indicates the initial direction of the ion beam. . . . . . . . .
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Chapter 1

Introduction

1.1 Ton-Solid Interaction

Ion bombardment of solid surfaces serves various purposes across multiple fields, including
surface cleaning, surface modification, surface etching, ion implantation, sputter deposi-
tion and various types of surface analysis techniques. During such a procedure, atoms
are dislodged and removed from the surface, a process known as sputtering. During ion-
solid interactions, ions can penetrate the surface, displace atoms, create defects, induce
chemical reactions thereby altering the surface morphology and properties of the material.
Studies on ion-solid interactions in its various forms are therefore important for applica-
tions in materials science, nanotechnology, surface engineering, and other fields where

controlling the behavior of ions at solid surfaces is crucial.

1.1.1 Fundamental Aspects of Ion-Solid Interaction

The physics behind any ion-solid interaction process concerns the potential energy of a
two-particle system varying with the distance separating the two centers determining both
the equilibrium properties of an assembly of atoms and the way the energetic particles

interact with a lattice of stationary atoms. The scattering probability of an ion—atom
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collision is directly related to the interaction potential between atoms. The interatomic
potential between the atoms is influenced by distances shorter than the equilibrium dis-
tance. During collisions, the interaction distance varies according to the collision energy.
This leads to a degree of closed-shell interpenetration and overlap, causing significant
alteration of the particle wave function at the moment of impact. Therefore, a knowledge
of the interatomic potential at small separations is important for understanding processes
involving ion—solid interactions and radiation damage in solids. In this context, low en-
ergy (from 100 eV to 1.2 keV) ion-induced surface modification is primarily focussed in
the present thesis. The considering energy range lies in the intermediate distance, when
ag < 1 < 19, Where ag, r, and rg are the Bohr radius, separation between the colliding
atoms, and the separation between neighboring atoms in the crystal, respectively. In this
regime, the potential energy leads to repulsion between two atoms, as the nuclear charge is
screened by the electrons, which reduces the Coulomb potential [1]. Thus, the interatomic

potential between two atoms of atomic numbers Z; and Z; is given by V(r) = %

x(r),
where () is the screening function and is defined as the ratio of the actual atomic po-
tential at radius r to the Coulomb potential. For large values of r, x(r) tends to 0, while

for a small values of r, it tends to 1.

In the event of such an energetic collision at or near the surface, collisions within atoms
occur inside the solid. The incident particles lose their energy at a rate % by transferring
their energy through momentum exchange in the solid, which depend on factors such as
the energy and mass of the incident particle, as well as the atomic number of both the
ion and the substrate atom. The incident ion penetrates the solid by gradually losing its
energy and finally stops after undergoing random collisions within the target atoms. Along
this path, the ion triggers creation of primary recoil atoms within the solid. These recoil
atoms, in a cascade effect, induce further recoils, forming what is known as a collision
cascade. The energy loss primarily occurs through two mechanisms — (1) nuclear collision,

where the moving ion transfers translational motion to another atom, and (2) electronic




collision, where the moving particle excites or ejects atomic electrons [1,2]. Thus, the

total rate of energy loss can be formulated as:

v (@), (&) =
where the subscripts n and e denote nuclear and electronic collisions, respectively. In
the present thesis, the main mechanism for energy loss is primarily nuclear, which can be
estimated using SRIM [3]. The actual integrated distance travelled by the ion is defined
the range R and the distance up to which the ion penetrates from the surface is called the
projected range R, of the ion. Thus, primary ions with incident energy, angle, and target
material, do not come to rest at the same place. The range distribution thus follows
a Gaussian profile which can also be estimated from SRIM [3]. Winterbon, Sigmund,
and Sanders (WSS) in 1970 computed the distribution utilizing Lindhard’s power law
approximation to the Thomas-Fermi potential [1] where the energy decrement was given
by

dE = NS, (F(x))dx = Fp(x)dz, (1.2)

where S, (E(z)) is the energy-dependent nuclear stopping cross-section and Fp(z) is the
energy distribution function with depth. Sigmund derived the expression of Fp(x) con-
sidering the linear collision cascade theory [4] and had shown that the average deposited

energy at a point r(z,y, z) in the target surface by an ion moving along the z-axis is

FD(T) =

B (2o (1) »

(2m)3ap? 222 2B

Here, F, represents the total deposited energy, a is the average penetration depth of the
ion, a and 3 are the lateral and longitudinal stragglings, respectively. These parameters
depend on the incident ion energy, ion mass, and the mass of the target atom. Continued
bombardment leads to the conversion of the crystalline surface to an amorphous state.

The extent of the amorphous layer can be increased by increasing ion flux, ion energy,
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etc.

1.2 Surface Patterning using Ion Beams

In 1974, Taniguchi proposed using ion-beam irradiation (IBI) to create patterns on dif-
ferent materials surfaces, which was considered a fantastic method for producing small
structures [5]. Based on Sigmund’s theory, various continuum models have been devel-
oped to explain formation of ion-induced surface nanopatterns. The theory provides a
framework for understanding how incident ions transfer energy to target atoms and cause
ejection of atoms from a solid surface due to ion bombardment, commonly called sputter-
ing or erosion of the surface. Ion beam processing induces the formation of self-organized
regular periodic nanostructures in in the form of nanodots and nanoripples on material
surfaces. These nanostructures, with characteristic length scales ranging from a few to
hundreds of nanometers, demonstrate potential for technological applications due to their
electronic, magnetic, and optical properties. In fact, this procedure can be carried out
on various materials like amorphous or crystalline in just a few minutes and across ar-
eas of several square centimeters [6,7]. Removal and reorganization of the atoms from
the surface are deciding factors for the formation of these nanostructures. The diversity
of nanostructures can be influenced by different physical parameters such as ion energy,
ion flux, fluence, incidence ion beam angle, and substrate temperature, etc. Additional
parameters such as substrate rotation, azimuthal swinging, and substrate rocking (ion
incidence geometry) can give rise to diverse formations of nanostructures. In this way,
it can yield functional surfaces and confined structures. The influence of these parame-
ters adds complexity to the process, giving it non-equilibrium behaviour and ultimately
playing a role in the development of well-organized nanopatterns. Therefore, the un-
derstanding of ion beam nanopatterning has become more challenging within this broad
parameter space. In-depth examination of self-organization through ion beam erosion

has been underway since its inception. The first periodic nanostructures induced by ion




bombardment were observed by Navez et al. in 1962. Understanding the mechanisms be-
hind this structuring is important for control. The first theoretical model to understand
these pattern formations was proposed by Bradley and Harper (BH) in 1988. Through
extensive theoretical and experimental research, a certain understanding of the involved
processes and the regulation of topography has been achieved. Subsequent experimental
observations were not fully explained by the BH model, leading to the development of
advanced continuum models.

In general, numerous techniques and methods are carried out for the fabrication of
nanostructured surfaces [8]. These methods for fabrication of nanostructured materi-
als can be divided into two parts, which include the “top-down” approach [9] and the

“bottom-up” approach [8], as shown in Fig. 1.1.

Top-down approach Bottom-up approach

Lithography

Bulk material Fragments Clusters Atoms
Ion beam

Gﬁ —ﬂ O(? 00 )

(AL
090 O
OOO

Nanopatterns
On
Material Surfaces

Figure 1.1: Schematic representation of fabrication techniques.

In the top-down approach, a larger unit is scaled down to form a finished struc-
ture, whereas in the bottom-up approach, a structure is constructed by assembling small

units [8], as illustrated in Fig. 1.1. Both top-down and bottom-up approaches have
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their advantages and limitations depending on specific requirements. Top-down meth-
ods face challenges such as the proximity effect, scattering effects, and costly fabrication.
Conversely, the bottom-up approach offers advantage over top-down methods due to its
capability for large-area patterning and lower cost of formation. Within the domain
of bottom-up structuring approach, ion beam irradiation (IBI) method, was utilized for
nanopatterning. In this methodology, the interaction of low-energy ion beam leads to self-
organized fabrication of nanostructures (nanoripples, nanodots, nanocones, and nanoholes
etc.) with high spatial resolution and accuracy on the surface of solid materials by precise
control and manipulation of the surface morphology. This interaction induces defects at
the surface, eliminates atoms from the outermost layers and forms significant topographi-
cal changes, potentially also altering the composition in certain cases. It is a cost-effective,
single-step, fast process that can nanopattern areas even up to a few square centimeters
with high resolution. Beyond the mentioned benefits, ion bombardment offers signifi-
cant advantages in material science and industrial applications, particularly in precise
control over ion concentration and topographical modifications, not achievable through
other methods. Utilizing reactive ions can also induce changes not only in surface to-
pography but also in material chemistry and physical properties. Additionally, ion beam
patterning can be applied to a wide range of materials, including metals, semiconductors,
insulators, and polymers making it versatile for various applications in nanotechnology,
surface engineering, and device fabrication. Moreover, it also offers the flexibility to tailor
the properties of the fabricated nanostructures by adjusting parameters such as ion en-
ergy, dose, and incident angle, allowing for customization based on specific requirements.
However, several unresolved issues remain, prompting the need for further investigation
of this technique. Energetic ions, as they sputter and penetrate the surface during ion
bombardment, bring about modifications not only to the surface but also to the material
interface. Overall, the precise control, versatility, and tunability of ion beam patterning

make it a valuable technique for creating functional nanostructured surfaces with tailored




properties. However, it is essential to note that ion bombardment can introduce structural
defects during irradiation, which may have varying implications depending on the context.
While some defects are beneficial, others may require control or minimization. This thesis
focuses on studying methods to regulate and reduce such defects and structures induced

by ion bombardment.

1.3 Theoretical Understanding of Ion Beam Pattern-
ing
1.3.1 Bradley and Harper (BH) model

In order to explain the several experimental findings by the ion beam community following
the seminal work of Navez at al., Bradley and Harper (BH) introduced the first model
in 1988 that explained the periodic pattern formation on amorphous materials based on
Sigmund theory [4,10]. This model is based on the pattern formation in IBI as a result of
interplay between relaxation through thermally activated surface diffusion and morpho-
logical instability. Sigmund noted that this instability is associated with the dependence
of the sputtering yield on surface curvature [4]. The BH model successfully explained the
periodic pattern formation up to some extent and orientation of nanopatterns observed in
experiments by several groups. The linear continuum equation describing the evolution of
surface topography combines curvature-dependent sputtering with surface smoothening

due to thermally activated surface diffusion and is given by

h ,
f;_t = 4 0O+ e Ph — 1, O%h — KV, (1.4)

Here, h is the surface height as a function of z, y and time (t), the first term v, represents
the erosion velocity or irradiation rate of flat surface at normal incidence, while the second

term v, indicates the in-plane motion of the surface structure [10]. These two terms do
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not influence pattern. The terms, v, ,, referred to as the curvature-dependent coefficients
or surface tension parameters, primarily control the surface pattern and depend on beam
parameters such as incident ion beam energy [/, incidence ion beam angle 6, flux, etc.
The last term, K > 0, is associated with thermally activated surface diffusion. The above
surface height evolution equation is valid only when the radii of curvature are much
larger than the ion range (a). A pattern will be formed in the direction parallel (z) and
perpendicular (y) to the ion beam projection if v, < v, < 0 and v, < v, < 0, respectively.
It is observed that v, can have either a negative or positive value depending on the
incidence angle, while v, is always negative. At normal incidence, v, = v, indicating
no preferential orientation. At off-normal incidences and up to the critical angle (6,),
v, < 1, resulting in ripples along the parallel (z-axis) to the ion beam projection on the
surface. For larger incidence angles, where v, > v,, the ripples align along the y-axis
(perpendicular) to the ion beam direction. To explain the periodic pattern, one needs to
understand the surface height evolution (Eq. 1.4) which can be analyzed using Fourier
transform. If h(k,, k,,t) represent the Fourier transform of surface height h(z,y,t), one

can write Eq. 1.4 as

Oh(ky, ky, t)

S [k — vkE — K (k4 )Rk, by D), (15)

thus obtaining a solution given by
h(ky, ky,t) = h(ks, ky, 0) exp[R(k)t]. (1.6)

Here h(z,y,0) denote the initial amplitude of the Fourier component and R(k) = R(k,. k,)
represents the growth rate controlling the evolution of the pattern in a particular direction
given by

R(ky, ky) = — (vokl + vkl + K(ky + k) - (1.7)




Thus, when R > 0, the Fourier amplitude will grow exponentially. Moreover, the value
of thermally activated diffusion term K is always positive. Thus, the amplitude growth
depends on the curvature coefficients v, and v,. If both values are negative, then R must
be positive. Additionally, R will also be positive if one of the coefficients is more negative
than the other. The height will grow periodically in a direction for which the correspond-
ing value is more negative. The value of R will be maximum at k* = (max|v, ,|/2K)>.

Therefore, the wavelength of the periodic pattern will be given by

K
A= 2my | ———. (1.8)
MAT |V y |

The alignment of ripple wavelength is determined by the larger absolute value of v, and
vy. Linear BH theory successfully explains several experimental observations, such as
ripple pattern formation at oblique incidence, the rotation of ripple pattern at grazing
angles and the exponential growth of ripple amplitude at an early time. However, it failed
to explain numerous other observations such as ripple amplitude and ripple coarsening
at long irradiation times, linear increase of ripple wavelength with ion energy, non-zero
critical angle for ripple pattern formation, etc. These shortcomings were overcome after
several theoretical attempts by adding non-linear terms in the BH equation (discussed in

subsection 1.3.2).

1.3.2 Nonlinear Extension of BH Model

As discussed in subsection 1.3.1, attempts were made by theoretical groups to explain the
experimental findings which could not be understood using BH theory. These included
pattern formation for long irradiation times, sputtering at low temperatures where ther-
mally activated diffusion does not appear to be the primary relaxation mechanism, etc.

Cuerno et al., modified the BH equation by incorporating nonlinear terms, thereby arriv-
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ing at what is known as anisotropic Kuramoto-Sivashinsky (KS) equation given by [11,12]
' 2 2 Ao 2, Ay 2 4
Oth = —v, + v,0:h + v, 0;h + v, 0 h + 2 (0zh)” + 2 (Oyh)” = KNV h+1. (1.9)

Here, all the terms except fifth and sixth on the right-hand side of Eq. 1.9 are same as
BH Eq. 1.4. The fifth variable A;, and sixth variable ),, signify the nonlinear effects
resulting from lateral growth. These two terms A, and A, arrest the growth of the ripple
amplitude [13]. The seventh term represents ion-induced effective surface diffusion (ESD)
as relaxation mechanism. ESD is similar to surface diffusion does not imply mass transport
along the surface. The last term is Gaussian white noise. \,, are the nonconserved
Kardar-Parisi-Zhang (KPZ) nonlinearities [14,15]. Park et al. [16] showed that during the

initial period, ripple formation aligns with linear theory, but beyond a characteristic time

te (oc ﬁln (ZZZ ) ), nonlinear effects govern the evolution of morphology. This is when
the surface roughness goes towards saturation. After the crossover time (¢.), depending
on the sign of the product of non-linear terms A, and A,, two different scaling regimes
are predicted, one algebraic and the other logarithmic. A;A, > 0 indicates an algebraic
scaling behaviour similar to the KPZ equation [15] while A\, < 0 might correspond to
isotropic logarithmic scaling [12,17]. Az, < 0 also predicts ripple rotation by an angle
0, = tan™! (:\\:—Z> [16]. Such a rotation was only observed for high temperature and at
very high fluence (10'?) [18]. So far, logarithmic scaling behavior has not been observed

experimentally. Nevertheless, it is expected that as the angle of ion incidence increases,

a shift from KPZ scaling to logarithmic scaling will occur [11].

1.3.3 Damped Kuramoto-Sivashinsky Equation

The KS equation failed to explain some experimental phenomena such as the stabilization
of ripples or dot formation after long time bombardment, as well as the emergence of

hexagonal ordering of dot structure. Facsko et al. [19] turned to the isotropic damped
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Kuramoto-Sivashinsky (dKS) equation to explain these under normal ion incidence or
off-normal incidence with simultaneous sample rotation on III-V semiconductors and Si
surfaces. Paniconi and Elder were the first to apply this equation to explain stationary
pattern formation [20]. The dKS equation is same as the KS Eq. 1.9 with an additional
damping term introduced by Chate et al. [21]. The presence of this additional damping
term decreases the exponential surface height, essentially acting as a smoothing term

thereby decreasing the kinetic roughening effects.

1.3.4 General Continuum Equation

The most general form of the BH equation can be obtained by adding higher order linear

and nonlinear terms in Eq. 1.4 and can be expresses as [17]

oh = —v, + v;@xh + Z {Vi(?fh + 020, h + % (O:h)* + gi(ﬁxhﬁfh)}_

= (1.10)
> DyR0h — KV h+ .
ij=ay

All the coefficients mentioned above are explained in detail in ref. [11], while the
explanations for Q and & are given in [17]. The terms with coefficients D; ; is diffusion
like terms proportional to the fourth derivative of the surface height and thus leads to an
additional anisotropic surface diffusion. Usually, this relaxation mechanism is known as
ion-induced surface diffusion (ISD) [22]. ISD does not depend on the temperature, this
smoothing mechanism is able to explain the temperature independence of the wavelength

at low temperature where thermal diffusion can be neglected. In this case, the ripple

2D,
A =2y | = (1.11)
maz|vy |

The general continuum equation consists of linear and non-linear terms, the effect of

wavelength is given by

these on surface morphology is difficult to predict. The complete understanding of the

1 Introduction
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non-linear behavior described by Eqn. 1.11 is, thus still under investigation. Moreover,
researchers working in this domain have developed other theoretical models which are

discussed in detail in the literature [15,16,22-26].

1.4 Applications of Ion Beam Irradiation

Material surface properties are inherently related to the structure and morphology of
the overlayers. Nanostructured surfaces, with characteristic length scales ranging from a
few to hundreds of nanometers, exhibit potential interest for technological applications,
primarily due to their electronic, magnetic, and optical properties. There are various
kinds of applications of ion-induced nanoscale patterns in the field of plasmonics [27-29],
electronics devices [30,31], magnetic storage devices [32-34], optical devices [35-37], func-
tional /template surfaces [38-40] and more. Plasmonics: In recent times, there has been
a focus on utilizing nanorippled surfaces for the fabrication of self-aligned noble metal
nanoparticles or nanowires exhibiting anisotropic plasmonic properties [27-29]. These
properties can be finely adjusted by altering the ripple wavelength using different physi-
cal parameters such as substrate temperature, angle of incidence, the orientation of metal
atoms in relation to the ripples, as well as the deposition rate and duration. Oates et al.
have reported that an array of aligned metal nanoparticles and nanorods with anisotropic
plasmonic properties can be fabricated by metal deposition on self-organized rippled tem-
plates [27,41]. Ranjan et al. have reported a similar local surface plasmonic response
of self-organized Ag nanoparticles on nanorippled Si surfaces with varying ripple peri-
odicity [42]. Strong plasmonic coupling has also been reported on nanorippled alumina
surfaces by Camelio et al., where they had grown Ag over the surface [43]. Magnetic:
The magnetic properties of ultrathin films are inherently influenced by their structural
and morphological features. Depending on the specific application, such as in permanent
magnets, information storage media, or magnetic cores for transformers and recording

heads, materials with high, medium, or low magnetic anisotropy are essential for their




13

respective purposes. The contribution of magnetic anisotropy from the surface, which is
associated with the under-coordination of atoms at the interface, becomes increasingly
significant in low-dimensional magnetic systems [34,44]. Structuring magnetic materials
on the nanometre scale leads to magnetic nanodots which used for a wide variety of tech-
nological applications. Many of these applications require the nanodots to be in the single
domain state, to have well-controlled aniosotropy and low hysteresis. It is obtained by
controlling the size and shape which makes them suitable for such a diverse range of appli-
cations from ultra-sensitive zero hysteresis magnetic sensors through to magnetic memory
and logic devices [45]. Rippled silicon substrates have also been utilized to induce uniaxial
anisotropy in a deposited thin permalloy film. These nanopatterns have also been used to
control the interlayer exchange coupling in Fe/Cr/Fe trilayers [33] and exchange biased
multilayers [46]. Functional template: The morphology of an anisotropic nanoripple
surface can significantly affect the growth of the deposited thin films. Nanostructured
surfaces are used as templates for material deposition [47-52]. Films can be grown on
a nanopatterned template that perfectly resemble the morphology of the substrate. By
tuning the periodicity of the template pattern, it is possible to tailor the step edge and
the dipolar contributions to the uniaxial anisotropy of a magnetic thin film [32,33,53]. It
has been shown that the conformal growth of magnetic thin films on rippled surfaces may
result in substantial modifications of in-plane uniaxial anisotropy [54,55]. Wetting: The
wetting behavior of material surfaces depends highly on the surface structure of the ma-
terials. It is generally measured in terms of hydrophobicity i.e., water contact angle. The
tailoring of hydrophobicity is controlled by surface texturing. However, the energetic ion
bombardment has used for tuning hydrophobicity of a surface due to its precise control
on surface texturing and chemical alteration [38-40,56]. Electronics: Manipulating the
nanoscale surface morphology of a metal electrode through self-organized ion beam sput-
tering allows precise adjustment of electrical resistivity anisotropy. Particularly, electrons

traveling orthogonally to the nanoripples are affected by a strong increase in resistivity,
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while when electrons travel parallel to the undulations of the rippled film, the resistivity is
almost unaffected and even shows a slight reduction [57]. Optical applications: Toma
et al. reported a tunable optical anisotropy in the visible range on silver nanowire arrays
grown on IBI nanopatterned amorphous glass surfaces [58,59]. Gkogkou et. al. suggest
that Ag metal deposition on rippled Si surface enhance the plasmonic response by utiliz-
ing the localized surface plasmon resonance of nanostructured metal surfaces [29,60,61].
Photovoltaics/Solar cells: In this field, Martella et al. have shown the light-trapping
nature of silicon solar cells due to the ion beam irradiation-patterned surface with a high
aspect ratio structure, thereby enhancing the solar cell efficiency [62]. Vivian et al. re-
poted that subwavelength scatterers can couple sunlight into guided modes in thin film
Si and GaAs plasmonic solar cells whoseback interface is coated with a corrugated metal
film [63]. A similar study by Mennucci et al. mentions that ion beam nanostructured
gold thin film on borosilicate glass can also trap photons [64]. Nanocones by IBI can
be used as broadband light-trapping surfaces as reported in [65]. Biomaterials appli-
cations: Recently, important aspects of ion beam irradiation have been identified and
integrated into biomaterials applications, examining the effect of nanopatterned surfaces
on the biomolecule adsorption and the response of adhering cells. [66-69]. The alignment
of Schwann cells along nanorippled line has also been reported [66]. Neural stem cells

have shown better adhesion on nanorippled glass surfaces [67].

1.5 Ion Beam Patterning: A brief experimental lit-

erature survey

In 1962, Navez et al., reported the first observation of relatively uniform structures (rip-
ples) with a wavelength of less than 100 nm on silica surfaces through Ar* ion bom-
bardment at oblique incidence. Since then, researchers have extensively investigated this

phenomenon to understand the involved processes and gain control over the evolution of
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surface topography. Self-organizing nanostructures have been reported on a wide vari-
ety of materials, including semiconductors, metals, compound materials, insulators, and
polymers, etc. [6,7,24,70-93]. The resulting morphologies are highly influenced by several
experimental parameters, such as the incidence of ion beam angle, incidence ion beam
energy, fluence, substrate temperature, ion type, simultaneous sample rotation, and co-

deposition of metal impurity during the irradiation of substrate, etc.

Studies have demonstrated that the incidence ion beam angle plays an important
role on the evolution of surface topography [94,95]. In 1977, Carter et al. reported
the formation of perpendicular mode ripples at 6 = 45° and parallel columnar features
at 75° on Si by bombardment with 45 keV Art [96]. The importance of this finding
was the promise of an efficient approach for the fabrication of quantum dot arrays [94].
An important step forward from both experimental, and applied perspectives was the
patterning of silicon surfaces with nanodots, first reported in 2001 by Gago et al. using
1.2 keV Ar™ ions [95]. Ziberi et al. demonstrated the creation of perpendicular mode
ripples at near-normal angles of incidence, consistent with BH theory [97-100]. These
ripples, generated through erosion with noble gases at near-normal angles, have been
observed solely on Si and Ge by Ziberi et al. [97], and on Ge by Carbone et al. [101].
They also observed the formation of nanodots at an incidence angle near 30° and smooth
surfaces were obtained at incidence angles between 30° — 60° for an ion energy up to 2000
eV. Madi et al. reported the smoothening of the Si surface during ion bombardment with
1 keV Art at ¢ = 10° [102]. Zhang et al. observed no pattern formation on Si surface
during the irradiation with Xe™ at 75° with ion energy from 1000 eV to 50 keV [103].
Ziberi et al. observed the formation of holes without regular distribution on Si surface
during irradiation with 500 eV Ar™ at normal incidence [104]. Madi et al. reported the
same observation with F < 600 eV [102]. However, while Ozaydin et al. [105] observed no
pattern evolution with 1000 eV Ar™ ion bombardment of Si, Gago et al. [106] reported the

formation of nanodots under the same experimental conditions. Several reports describe
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the presence of ripples and columnar structures on Si surfaces obtained at incidence angles

between 60° and 80° [106-110].

The surface topography is also influenced by incident ion beam energy along with
the substrate temperature. It was demonstrated that at room temperature and using
low energies, the amplitude and periodicity of ripples formed at near-normal incidence
increased with the ion beam energy. Ziberi et al. showed that the periodicity of ripples
could be adjusted from 35 to 65 nm by varying the ion beam energy from 500 eV to 2000
eV [97]. At room temperature, the lateral size of the nanodots formed using Kr* at 75°
with simultaneous sample rotation was reported to vary from 25 to 50 nm with incidence
ion energy from 300 to 2000 eV [75]. It was reported that the wavelength of the ripples
formed at an angle between 60° and 65° also increased by 50 nm (2000 eV) and 1000 nm
(100 keV) with variation of ion energy [111,112]. On the other hand, at high temperature,
Brown and Erlebacher reported that ripple amplitude and wavelength on Si(111) at 60°
with Ar™ decreased with increasing ion beam energy from 250 eV to 1200 eV [113]. Hazra
et al. reported that on Si(001) with an increase in ion energy (60-100 keV) at 60°, the

ripple amplitude decreased while the wavelength increased [112].

It was reported that variations in fluence (irradiation time) influence the surface dy-
namics of self-organized structures. According to most experimental studies on Si surfaces,
the amplitude of nanopatterns increases with fluence up to saturation [97,99, 107, 114].
The amplitude saturation was also reported on different types of materials such as Ge, Cu
and compound semiconductors. The saturation of amplitude is related to the nonlinear
effect arising from the lateral growth of surface features, which becomes significant after
a certain sputtering time. At room temperature, the wavelength of the features on Si
surface is not affected by the fluence [6,97]. At high temperatures, ranging from 873 K
to 1023 K, nanopattern coarsening was observed at 75° between 250 eV to 1200 eV [107].
At normal incidence, the coarsening behaviour was also observed at temperatures higher

than 673 K on Si(001) with 1000 eV Ar™ [105]. In addition, Ziberi et al. observed that




17

the size distribution of the dots formed at 75° with sample rotation becomes narrower

with fluence [99].

The influence of target temperature on pattern formation by ion beam irradiation
has been investigated, revealing a significant effect [6]. Erlebacher et al. reported on
Si(001) with 750 eV at 65° that ripple wavelength increases with variation of substrate
temperature from 733 K to 873 K [113]. Gago et al. observed the influence of substrate
temperature on dot formation on Si(001) by irradiation with 1000 eV with Ar™ at normal
incidence. They observed that the nanopattern is not affected by the substrate tempera-
ture up to 425 K; dot height increased between 425 K and 525 K and finally above 550 K
no patterns evolved. At low temperature, the Si surface is amorphized by ion bombard-
ment and shows no pattern influence when substrate temperature is low while at high
temperature it remains crystalline. The transition from amorphous to crystalline surface
depend on the irradiation conditions for Si(001) with 1000 eV Ar™ observed at 673 K and
773 K [105].

The evolution of the surface topography on surfaces is further affected by the choice of
ion species. Ziberi et al. showed that pattern formation on Si with Ne™ ions at ion energies
300 eV < E;,,, < 1000 €V influence surface structure formation. The surface remained
smooth with ion energies 1000 eV < E;,, < 2000 eV [115]. Carter et al. observed
a similar dependence of surface topography on Si with Ne™ and Ar™ ion species for
intermediate ion energies (above 20 keV) [116]. No surface structures are found on Ge
surface by using Ne™ and Ar" ions, while for Krt and Xe"™ dot-like structures were
observed on the surface with 1200 eV at 75°. Dot-like structures can also be observed
when employing Ar* ions within the energy range of 300-2000 eV and incident angles
between 0 — 20°, but with no ordering and exhibit an amplitude below 1 nm [115]. It is
known that the orientation of nanopatterns is determined by the direction of the ion beam.
Under appropriate conditions, rotating the sample around the surface normal during ion

bombardment eliminates the anisotropy caused by the ion beam direction. Rotating
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sample about its surface normal keeping the incidence angle fixed leads to additional
effects not envisaged for fixed sample configurations. Zalar et al. demonstrated that
adopting such a procedure enhances resolution, particularly in depth profile studies. [117].
Theoretical work by Bradley et al. indicated that the rate of surface roughening or
smoothing during sample rotation, as well as the characteristic length scale of the resulting
nanopatterns, depend upon the rotation period. [118]. Som et al. showed that the surface
roughness decreases for large rotation speeds when Si is bombarded with Ar™ ions [119].
This rotation during ion bombardment suppresses pattern formation, thereby enhancing
the smoothing of surfaces [120]. At 75°, hexagonally ordered nanodots formed on Si during
irradiation with simultaneous sample rotation [97-99]. Nanodots can also form without
sample rotation at normal and near-normal incidence. However, those formed without
simultaneous rotation exhibit a larger size distribution even after prolonged erosion times.

In general, they have low amplitude and dots are not ordered in domains.

Investigation of self-organized nanopatterns on I1I/V compound semiconductors have
been demonstrated as a fall-out of preferential sputtering due to the different sputtering
yield of the components, which leads to the enrichment of the surface with one component.
At normal incidence, Facsko et al. observed the formation of nanodots with 420 eV with
Ar™ hexagonal ordering on InP and GaAs [94]. The formation of nanodots organized in
hexagonally ordered domain on InP and GaSb after Art irradiation but under oblique
incidence with simulteneous sample rotation were reported by Frost et al. [121]. In 20009,
Q. Wei et al. showed a hexagonal array of nanoholes produced by normal-incidence
bombardment of Ge surface. T. Saito et al. showed that the nanorods of aluminum
(Al) are embedded within a silicon thin film fabricated through magnetron sputtering
in 2009 [122]. Ziberi et al. reported the formation of dots (0°) and ripples (5°) on Ge
(001) with 2000 eV Xe™ at room temperature [75,99]. Nanodots were found to form
along ripples at (10°) and at (30°) while the surface remained smooth with increasing ion

incidence beam angle. Also, Carbone et al. reported simultaneous presence of ripples and
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nanodots on Ge (001) with 1000 eV Ar* at 10° [101].

Ion induced nanopatterns can also occur on insulators. Flamm et al. studied the
irradiation with 800 eV Ar™ on fused silica at different angles [81]. Similar results are
observed on SiO, with 1000 eV Xe™ by Mayer et al. [123]. Tomma et al. [83] studied the
pattern formation on glass with 800 eV Ar* and observed parallel mode ripples at 35°
and perpendicular ripples at 75°, respectively. The wavelength and amplitude of ripples
on Si0q increased with fluence [83,123]. Wavelength and amplitude was also observed to

increase with increasing ion energy [81,123] as well.

The impact of metal impurity under ion bombardment has been examined on several
substrates [124]. Ozaydin et al. reported the formation of dots and ripple like structures
using Mo impurity on Si during irradiation at normal incidence with 300 eV Ar* [105,
125-127]. Sanchez-Garcia at el. showed the formation nanoholes and nanodots through
simultaneous incorporation of metal (Fe and Mo) impurity on Si surfaces [128,129]. They
observed that the topography could change from nanoholes to nanodots by increasing
the ion current density or increasing the fluence at low ion current density. Hofsass and
Zhang studied ion erosion with simultaneous co-sputtering, which they called surfactant
sputtering [130]. Macko et al. observed both nanodots and ripples on Si with co-sputtering
of a stainless steel target with 2000 eV Kr* at 6 < 45° [131].

Ion induced pattern formation can also be affected by the sample crystallinity.In 2000,
R. Reiche and W. Hauffe reported a forest of cones on copper surfaces [132]. The response
of crystalline metals to ion bombardment differs from that of semiconductors and amor-
phous materials. This contrast arises from the higher diffusivity within metals and the
non-directional nature of metallic bonds. Studies on metallic surfaces was developed sub-
stantially by Valbusa et al. [77]. Typically, a metal surface does not become amorphized
by the impinging ions. Types of nanopatterns formed on metal surfaces and a complete

description thereof can be found in ref [133-136].

Interestingly, one common factor between all the reported literature is that ion beam

1 Introduction



20 1.5. Ton Beam Patterning: A brief experimental literature survey

patterning was conducted traditionally at fixed angles of oblique or normal incidence,
thereby creating nanopatterns of ripples and dots, respectively [6,124]. One major draw-
back of this method is the emergence of spatial defects in the patterns during bombard-
ment, which limits its applicability. To mitigate these defects, researchers have explored
alternative ion beam geometries. These geometries can be categorized into two groups:
the conventional method, where the ion beam remains fixed as discussed earlier, and
the unconventional method, where the ion beam is not fixed. Unconventional methods
including multiple ion beam sputtering, sequential ion beam irradiation, rocking and az-
imuthally swinging substrates during ion bombardment. Moreover, researchers have noted
the presence of salient structures with different symmetries using this geometry, which
do not manifest when fixed ion beam geometries are employed. Kim et al. conducted
experiments on gold (Au) using two Ar' ion beams placed perpendicular to each other at
the azimuth. Their findings demonstrats that square-symmetric patterns of nanodots can
be achieved in the erosive regime [137]. In another experiment conducted by the same
group, based on sequential ion sputtering, it was demonstrated that nanobeads can be
formed using this technique [138]. Studies by the same group also prove that patterning
a prepatterned surface at azimuthally orthogonal directions leads to enhanced nonlinear
effect (e.g., redeposition) as compared to an initially flat surface [139]. Keller and Frost
conducted an experiment on silicon (Si) utilizing Ar* ions, which further demonstrated
that defect densities can be reduced by up to 40% through a suitable selection of sequen-
tial ion beam sputtering [140]. In a recent study, Kim et al. investigated nanopattern
formation on graphite substrates by azimuthally swinging the substrates during ion beam
sputtering. Their findings revealed that swinging the substrate led to the formation of
composite patterns, specifically wall-like structures, on graphite [141]. Thus, from the
above discussion, it may be concluded that several research studies demonstrate that sev-
eral research groups are turning to unconventional methods for ion patterning of surfaces.

These approaches invoke new phenomena that cannot be achieved using a single fixed
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beam configuration.

1.6 Motivation and Objectives

From the previous section, it may be inferred that there are still numerous unresolved chal-
lenges associated with ion bombardment-induced self-organizing nanopatterns, primarily
due to the emergence of disordered nanopatterns during irradiation with conventional
methods. To address these challenges, researchers have employed unconventional strate-
gies, including multiple ion beam sputtering [137], crossed ion beam sputtering [138], se-
quential sputtering [80,140,142], irradiation of the prepatterned surface [143], rocking the
substrate [144], azimuthally rotating [145], and azimuthally swinging the substrate [141].
Cuenat et al. reported that the long-range order of the features on Si(001) using 1 KeV
Ar™ can be greatly enhanced by using the lateral-templating approach [143]. For the
first time, the concept of dual-ion beam sputtering to induce interference patterns was
proposed by Carter et al. [146,147]. Vogel et al. demonstrated the possibility of nanopat-
terning using multiple-ion beam sputterning [148]. Joe et al. showed the formation of
highly ordered nanopatterns using dual-ion beam sputtering (DIBS) on Au(001). In ad-
dition, they have also examined the possibility of nanopatterns on Au(001) via squential
ion beam sputtering (SIBS). Keller and Stefan Facsko have demonstrated that the quality
of nanoscale ripple patterns on silicon surfaces can be substantially improved by apply-
ing sequential ion-beam sputtering (SIBS) and the defect density of the initial ripple
pattern can be reduced by at least 40% [140]. Kim et al. [80] introduced a two-step
process (sequential-ion beam sputtering) that combines a suitable pre-patterned target
with subsequent irradiation at normal incidence. They were able to fabricate by IBS a
novel nanobead pattern on Au(001). Although, Carter demonstrated theoretically that
sample rocking inhibits ripple formation, Harrison et al. showed that ion bombardment
can produce nearly defect-free ripples on the surface of an elemental solid if the sample

is concurrently and periodically rocked about an axis orthogonal to the surface normal
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and the incident ion beam direction [149]. In their experimental work, Jeo et al. showed
that applying low-energy Kr* irradiation to Si and amorphous carbon targets, along
with rocking the substrates, tends to enhance the order of the ripple patterns. Notably,
this improvement in order occurs even when the conditions prescribed in the anisotropic
Kuramoto-Sivashinsky (aKS) model may not be fully met [144]. Kim et al. have shown
that IBS of HOPG(0001) swinging substrates produces salient patterns and reveals novel
pattern-formation mechanisms under 2 keV Ar™, such as a quasi-2D mass flow and shad-
owing effects that have rarely worked simultaneously for pattern formation.

Considering the above works on unconventional ion beam patterning methods, the
main objective in the present thesis is to understand how nanopatterns evolve under a
few unexplored non-conventional configurations. Furthermore, the possibility of formation
of patterns with increased order was explored using such techniques. Formation and
evolution of surface patterns usually absent for the case of conventional methods was also
studied. A detailed summary of the work done is given in the following section. This

work includes to:

e Investigate pattern formation under intermittent sputtering sequences to study the

effect of surface relaxation

e Investigate evolution of pattern formation on Si surfaces under azimuthal substrate

swinging geometry at variable speeds
e Investigate ripple coarsening under azimuthal swinging geometry

e Investigate evolution of hierarchical surfaces under the above geometry

1.7 Thesis Overview

The thesis is arranged into the following six chapters in order to accomplish the above-

mentioned objectives:
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v' Chapter 2: This chapter introduces the details of various structuring techniques,
characterization tools, and theoretical simulations employed for the different exper-
imental studies of the thesis. Section 2.1 and 2.2 contains information about sample
cleaning and film structuring using low energy ion beam nanopatterning methods.
Section 2.3 consists of information about AFM, and SEM utilized to characterize

the surface morphology and optical information of the deposited samples.

v' Chapter 3: In view of the above facts, in the first objective of the thesis, we aim
to investigate the evolution and dynamics of ripple formation on paradigmatic Si
surfaces [6] by introducing an unconventional method of intermittent sputtering,
in which the surface is irradiated and left to relax intermittently within intervals
of various time durations, thereby influencing the pattern formation process and
ordering properties. The present method employed generalizes earlier works on se-
quential sputtering by performing repeated alternated irradiation and relaxation
steps. While in those earlier works, the time interval between the two stages of
sputtering is principally governed by the time required to change the incident beam
angle, here we have carried out intermittent sputtering in varying degrees of re-
laxation times and sputtering durations. All the experiments were carried out at

oblique incidence using an Ar* ion beam.

v' Chapter 4: As the second objective of this thesis, we aim to explore the evolution
of nanostructures and their unconventional characteristics on an azimuthally swing-
ing Si surface for different azimuthal angles and rotation speeds. We first looked at
a surface under static conditions and then compared it with a rotating surface at
varying fluences. The outcomes of this experiment enhance our understanding of
pattern formation for swinging geometries and pave the way for additional applica-
tions involving these alluring patterns by effectively utilising the ion beam parameter

space.

1 Introduction



24 1.7. Thesis Overview

v' Chapter 5: Our third objective is to conduct an investigation of the evolution
of nanostructures on an azimuthally swinging Si surface for a particular azimuthal
swinging angle with increasing ion fluences. This geometry offers variable shadowing
encountered by the sample, which alters continuously as the beam sweeps in the

azimuthal direction.

v Chapter 6: As the fourth objective, we aim to explore the evolution of self-
organized nanostructures and their unconventional characteristics of Si surface is
produced by oblique incidence ion beam irradiation at different asymmetric az-

imuthal swinging angles (AAS).

v' Chapter 7: This chapter summarizes the complete work elucidated in all the above-
mentioned chapters. A future outlook is also presented in light of the present find-

ings.




Chapter 2

Materials and Methods

This chapter provides an overview of the methods for structuring and the characterization
tools utilized throughout the entire thesis. Section 2.1 focuses on the specifics of the initial
step, namely, sample cleaning. Section 2.2 examines the structuring technique, including
low-energy ion beam irradiation, employed for the fabrication of various semiconductor
and PDMS nanostructures. The tools used for characterizing samples to determine their

surface morphology and composition are described in Section 2.3.

2.1 Ultrasonication (Sample Cleaning)

The initial and most important step that needs to be completed before irradiating a
sample is substrate cleaning. In our study, we have used silicon wafer (purchased from
Sigma Aldrich) as a substrate. Substrates were cleaned in an ultrasonic bath before
nanopattering. Ultrasonic cleaning is a technique that uses ultrasonic waves to agitate
an aqueous solution, usually water, in order to remove naturally adhering contaminants

from substrate surfaces such as dust, dirt, oil, fingerprints, and so forth.
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2.1.1 Principle

Typically, an ultrasonicator consists of an ultrasound wave generator that creates alter-
nating waves of compression (high pressure) and expansion (low pressure) in the liquid or
solution at extremely high frequencies, generally between 25 and 130 kHz as a non-audible
range ( “known as ultrasonic vibrations”) as shown in Fig. 2.1. This high frequency ultra-
sonic wave triggers the rapid formation and rupture of small bubbles in the liquid, which
is known as cavitation [150]. The rupture and implosion of the large number of bubbles
result in a large amount of energy being created in the form of a wave. This high energetic

wave passes through the liquid and helps in cleaning the substrate [151].
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Figure 2.1: Schematic illustrating the cleaning mechanism during the sonication process.

2.1.2 Instrumentation

Our laboratory utilizes the commercially purchased “QSonica” ultrasonicator for the
cleaning of all samples. This type of digital C-cleaner has a 1/2 gallon capacity. It
has an operating frequency of 40 kHz and could heat up to a temperature of 70°C. It
has four function indicators: the first shows the solution’s current temperature (10-70°C,
+4°C); the second, the set tank temperature (01-69°C); the third, the ultrasonication
time (01-99 minutes); and the fourth, the degassing time display (default, 5 minutes,

with a range of 01 to 99 minutes). Degassing in this context refers to the process of
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eliminating dissolved gases, usually air from fresh solution. After degassing, the system is
ready for ultrasonication. Finally, sonication can be performed with or without heating,

depending on the requirements of the procedure.

2.2 Structuring Techniques

Several methods are available for producing nanostructures on diverse material surfaces.
In our investigation, we applied a bottom-up approach to generate nanostructured arrays.
Commonly employed bottom-up nanofabrication techniques encompass low-energy ion
beam irradiation (IBI), chemical vapor deposition (CVD), sol-gel nanofabrication, laser
pyrolysis synthesis, and green synthesis. Our study specifically incorporated a bottom-up

strategy, low-energy ion beam irradiation (IBI) to prepare the samples.

Principle

When low-energy ions interact with a solid surface, they lose their kinetic energy through
the transfer of momentum to atoms within the solid, and it penetrates a certain depth and
then stops [152]. Through this procedure they induce different type of surface morphology
which depends on incident ion beam parameters such as incident ion beam energy, target
temperature, ion flux, ion fluence, and incident ion beam angle etc. The different types
of ion beams parameters were extracted from Kaufman-type ion source, specifically the
KDC 40 ion source in the Surface Modification and Application Laboratory (SMAL Lab)
at Indian Institute of Technology (IIT) Ropar, Punjab, India. The whole experimental
system was maintained at high vacuum ( 1.8x1077 Torr). The Si(100) samples were
bombarded by ion energies from 100 eV to 1.2 KeV. The power supply specifications
for various functions of the ion source include the following: Cathode: 18 V, 20 mA,
Discharge: 100 V, 2 mA; Beam: 1200 V, 200 mA; Accelerator: 600 V, 200 mA; Neutralizer:
30 V, 20 mA.

2 Materials and Methods
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Instrumentation

Ion beam irradiation was carried out in a gridded ion source chamber fitted with a
Kaufman-type ion source, specifically the KDC 40 ion source. The function of ion beam
source chamber is to generate ions and accelerated these ions to high velocity, allowing
their ejection downstream from the source. Kaufman Ion Source: The low-energy Ar™*
ion beam irradiation of all the samples was conducted using the Kaufman & Robinson
Inc., KRI KDC 40 Ion Source facility available in our lab [153]. This ion source, which
utilizes a direct-current (DC) discharge to generate ions, is a 3-gridded ion source. The

fundamental components of the source are as follows:

e Discharge Chamber It is referred to as the main body of the ion source, where
the operating gas is introduced into the chamber. Using the cathode, the source
gas undergoes ionization within this chamber. Additionally, it includes a magnet
designed to manipulate the trajectory of electrons through the generated magnetic
field. The motion of electrons is carefully controlled, compelling them to undergo
multiple collisions with the source gas before being collected on the anode. As a
result, the ionization rate is heightened, leading to an increase in the number of

generated ions.

e Electron Source The clectron source is a heated filament commonly referred to as
the “cathode”. In our system, cathodes made of tungsten wire with a thickness of
0.25 mm (0.010 in) and featuring three turns in the center were employed. These
turns were wound around a 3 mm diameter rod. The primary function of the cathode
is to generate ions of the source gas and form the plasma within the discharge

chamber.

e Grids The performance of the source is significantly influenced by the 4-cm 3-grid
focused molybdenum ion optics employed in the Kaufman ion source. This source is

equipped with a 3-grid system. The role of grids is to accelerate the ions produced
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in discharge chamber. Grids are basically electrodes which are separated from each

other by a distance of a few mm. A schematic of the grids used in source is as

shown in Fig. 2.2. The grid nearest to the discharge chamber is known as “screen”

(S) grid. The S grid is put with positive biased with respect to ground. Therefore,

the formed plasma also gets positive biased. The next grid is called “accelerating”

(A), which is biased negative with respect to ground. Consequently, positive ions

formed in the discharge chamber are accelerated due to this created electric field.

The last “decelerating grid” (D) is employed to decelerate the beam after it passes

through the A grid. The inclusion of the third grid is reason the profile shape does

not change greatly as the accelerator voltage is increased at a given voltage.
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Figure 2.2: A simple schematic representation of the Kaufman ion source.

e Neutralizer The neutralizer serves as an additional source of electrons in the form

of a heated filament. In our configuration, it is constructed using tungsten wire

with a thickness of 0.38 mm and features three turns in the center. These turns

2 Materials and Methods
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2.2. Structuring Techniques

were wound around a 5 mm diameter rod. The primary goal of the neutralizer is to
generate electrons and contribute to a net charge balance for the ions formed during
the process, as they exit the source. Typically, the neutralizer emits more electrons
than the source emits ions. Its role is crucial in minimizing surface charging and

mitigating the divergence of the ion beam.

Vacuum pump The ion source is equipped with a vacuum pump system, compris-
ing both a rotary pump and a turbo molecular pump (TMP). The rotary pump is
employed for maintaining the pressure in the range from atmospheric pressure down
to 2 x 1073 Torr. Further, the TMP pump is utilized to achieve lower pressures,

reaching down to 1.5 x 10~7 Torr.

Mean free path Mean free path is the average distance a particle travels between
successive collisions with other particles. In a gas, the mean free path depends on
factors such as pressure and temperature. It is larger than the separation between
source and substrate in a high vacuum environment. It allows a simplified assump-
tion that particles move relatively linearly from the source to the substrate without

frequent collisions.

In summary, important parameters encompass the cathode filament current (which applies

electrical current to heat the cathode filament for electron emission), discharge voltage

(established between the filament cathode and anode, determining clectron energy for

ionizing collisions in the discharge chamber), discharge current (established between the

filament cathode, controlling ion production), neutralizer filament current (applied to the

neutralizer, heating the filament for electron emission), source gas flow, beam voltage

(positive voltage applied to the discharge plasma), beam current (total ion current leav-

ing the source), acceleration voltage (negative voltage applied to the accelerator grid),

accelerator current (charge-exchange current collected by the accelerator grid), and neu-

tralizer emission current (electron current emitted by the neutralizer). The sample holder
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Azimuthal angle controller

Discharge chamber
Polar angle controller

Figure 2.3: Kaufman ion source facility available in our lab.

is adjustable, allowing tilting within a range of 0° to 90° relative to the ion source axis.
Additionally, it has the capability to rotate at a speed of 20 rotations per minute (RPM)
around the axis of the ion source. The Kaufman ion source facility available in our lab as
depicted in Fig. 2.3

Ion beam irradiation (IBI) of a solid surface is divided into two parts. The first is the
conventional method, where the sample holder remains stationary during irradiation, as
depicted in Fig. 2.4 (a). On the other hand, the unconventional method involves a sample
holder that can continuously rotate, azimuthally swing about the surface normal, and

rock (oscillation in polar direction) about the substrate normal, as illustrated in Fig. 2.4

(b).

2.3 Characterization tools

In this thesis, surface morphology analysis was conducted using Atomic Force Microscopy
(AFM) after irradiation. Quantitative information of surface topography was determined

by using imaging process tools such as Gwyddion [154], and ImageJ software [155]. The

2 Materials and Methods
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Figure 2.4: The schematic illustrates the sputtering geometry, with (a) representing the
conventional setup where the sample remains stationary, and (b) depicting the unconven-
tional setup where the sample can azimuthally rotate, swing, rock (polar angle oscillated),
or be non-stationary.

nature of the composition was determined with the help of energy dispersive X-ray spec-

troscopy EDX [156].

2.3.1 Atomic Force Microscopy

The Atomic Force Microscopy (AFM) is a family of scanning probe microscopy (SPM)
techniques, which came after the invention of scanning tunneling microscope (STM) in
early 1980. In this technique, a sharp probe (tip) is used to scan over the sample surface
and maps the height fluctuations from the surface. The tip is used as a cantilever, which
is basically constructed from materials such as of silicon or silicon nitride having a radius
of curvature nm. For the work carried out in this thesis, silicon tips with a 10 nm radius

were used.

Cantilever Z

Figure 2.5: A simple schematic representation of the AFM sample tip geometry.
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The tip height alters when it passes any bump or groove as illustrated in Fig 2.5,
and the feedback reconstructs the surface as an image of the sample as shown in Fig 2.7.
Hence, it gives three-dimensional information about the surface depending upon the force-
distance measurement dynamics between the sample surface and AFM tip [157]. AFM
offers several advantages, including high spatial resolution (down to atomic scales), the
ability to work in various environments (air, liquid, or vacuum), and the potential to image
nearly any kind of surface, including, conductors, semiconductors, biological samples,

glass, ceramics, polymers, and composites.

Working Principle and Interatomic Forces

The principle behind Atomic Force Microscopy is based on the forces between the
tip and sample. These forces are measured by bringing the tip close to the surface and
measuring the resulting deflection following Hooke’s law, which is expressed as F' = —kZ.
Where F' is the force, k is the lever’s stiffness, and Z is the cantilever deflection. The
typical range of the force constant is from 0.01 to 1.0 N/m, which leads to the force in

the range from nN to uN #m. The force-distance curve shown in Fig. 2.6 explains the

Force
Tip is in hard contact with the surface;

Repulsive regime (Contact-mode)

I ntermittent contact

Repulsive Tip is far from the

surface; No deflection

Attractive

Tip is pulled toward the surface;
Attractive regime (Non-contact)

Probe distance from sample (Z distance) —

Figure 2.6: Schematic of force-distance curve.
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several types of forces, which is based on the interaction with the cantilever and sample
surface. As the tip scans over the surface, forces such as van der Waals force, mechanical
contact forces, and repulsive forces between atoms influence the position of the tip as
shown in Fig. 2.6. As the tip is kept at a distance from the sample surface, no interaction
force works between them, when the tip and sample come closer but do not make contact,
an attractive force (-1/2°) generated by the van der Waals interaction develops as shown
on the right side of the Fig. 2.6. At a particular distance, the tip makes contact with
the sample when the repulsive force (1/2'?) is much larger then the attractive. Within
this region, the repulsive force typically balances the cantilever in its position. This is
known as electrostatic repulsion, and it causes the tip to move away from the sample. As a
result, the cantilever oscillates in the regimes of attraction and repulsion forces. The force-
detecting sharp tip at the forefront of the cantilever experiences oscillation. The Atomic
Force Microscope (AFM) consists a cantilever, mirror, position sensitive photodetector
(PSPD), piezoelectric scanner, and computer. The schematic diagram of the AFM setup
is depicted in Fig. 2.7.

Output and B

feedback controller

Photo-detector
Deflection signal

NFM: (1+2)-(3+4) Tip
FFM: (1+3)-(2+4) \V

Sample surface

>Z'
Y
(o]

X
. Piezoelectric Scanner

Computer Control System

Figure 2.7: Schematic representation of the working of AFM.
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A laser beam is incident on the shining surface of the cantilever, which is reflected
from the surface and collected by a position sensitive photo detector (PSPD) and feedback
loop as shown in Fig 2.7. The photodetector is utilized for measuring both normal forces
(in normal force microscopy, NFM) and frictional forces (FFM) exerted on the moving
tip. The combined response, derived from the oscillating beam on the PSPD and the
scanning facilitated by the movement of the piezoelectric crystal, is then converted into
an image. The combined response originating from the oscillating beam on the position
sensitive photodetector (PSPD) is transmitted via controller to the piezoelectric crystal.
Subsequently, the piezoelectric crystal converts the signal from electrical to mechanical to
maintain constant the tip-sample distance, displaying both the surface topography and
height profile on the computer screen. The piezoclectric crystal is attached beneath the
sample surface which has a sub-A° movement in x, y, and z directions.

Based on the distance between the tip and sample, AFM operating modes are divided
into three categories: contact mode, non-contact mode, and tapping mode as shown in

Fig.2.8 [158]. Contact operating mode is the first and primary mode of operation. In

(a) Contact mode Cantilever

Mp
(b) Non-contact mode VZ
|

w308
P W Wy

(c) Tapping mode
/\/\/\AMscillation mode

Surface of sample

Figure 2.8: Different operating modes of AFM depending on distance between tip and
sample.

this operating mode, the tip and sample make soft contact with each other while force

2 Materials and Methods
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remains within the repulsive range of van der Waals forces, typically occurring when the
separation between the tip and surface is on the order of a few angstroms as shown in
Fig.2.8 [158] (b). The cantilever shifts up or down relative to the surface topography
corresponding to the presence of bumps or pits, respectively. In this mode, there are two
methods of imaging: constant force or constant height. In constant force mode, the tip
is continually adjusted to maintain a specified deflection so that the force between then
remain constant during the scanning process. The amount of deflection of the cantilever is
optimized by the response from the PSPD. It is this adjustment that is used to display an
image [158]. When the tip scans in constant height mode, the sample must be relatively
flat for the feedback loop to maintain control during scanning because otherwise the tip
might crash. This is useful for small, high-speed atomic resolution scans. Due to the tip’s
hard contact with the surface, the lever’s stiffness must be less than the effective spring
constant holding atoms together, 1-10 nN/nm. Contact mode levers usually have spring
constants below 1 N/m. This operational mode does not prevent contamination between
the sample and tip. It is suitable for rough solid samples. The main disadvantage of
this mode is that it may damage soft samples as the tip remains in very close proximity
to the sample surface. Overcoming the problem mentioned above, the non-contact
mode technique is used for scanning nanoscale surfaces without making direct physical
contact with the material. The distance from the surface between the tip and sample is
relatively larger compared to the contact mode in the attractive region of the force vs.
distance curve as shown in Fig.2.8 (b). This is useful for fluid samples, soft materials
and elastic samples as the tip does not touch the samples. The forces between the tip
and sample are quite low, on the order of pN (10-12 N). The major drawback of this
mode is that it yields low-resolution images. In tapping mode, the tip intermittently
touches or taps the surface without inducing any frictional forces between tip and surface.
The tip oscillates up and down the surface at or near its resonance frequency. As the

tip approaches the surface, various forces such as van der Waals forces, dipole-dipole
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interactions, and electrostatic forces act on the cantilever, leading to a decrease in the
amplitude of oscillation. A feedback loop maintains a constant separation between the
tip and the sample, allowing for the generation of an image by scanning the surface. This
method enables high-resolution and damage free imaging of soft and delicate biological
samples. However, tapping mode encounters difficulties when used with liquid samples.
The advantage of tapping the surface is improved lateral resolution on soft samples. In
this mode, lateral forces such as drag, which are common in contact mode, are virtually

eliminated.

Instrumentation

The surface morphology of the fabricated samples were determined by MultiMode 8,
Bruker, USA Scanning Probe Microscope as shown in Fig. 2.9.

Figure 2.9: AFM instrument images in II'T Ropar.

The nanoscope MultiMode 8, Bruker has been used which consists of major compo-
nents microscope, xyz scanner, controller, and computer as depicted in Fig. 2.9. All the
images were acquired in tapping mode with resolution of 512x512 pixels. Various scan-

ners with different maximum scan area E (x10pm?) and J (125 x 125um?) are used for

2 Materials and Methods
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imaging. The samples were scanned with the help of silicon cantilevers having a radius of
curvature ~ 10 nm with variable scan rate 0.5-1 Hz according to the requirement. The
cantilever had a resonant frequency of the order of 300 kHz and a spring constant of 0.4
N/m. It was a 0.01-0.025 © cm Antimony (n) doped Si cantilever having rectangular
geometry, with an average length, width and thickness of 125 m, 35 pum and 3.75 pm
respectively. Post AFM image processing and analysis were performed by using various

AFM softwares i.e, Nanoscope, Gwyydion, WSxM available.

Morphological Characteristics

The morphological characteristics of the samples such height fluctuations, power spec-
tral density (PSD), periodicity, and fractal dimension etc., were determined using AFM
topography analysis. The calculations were performed using Nanoscope and Gwyddion
software. In the analysis of height fluctuations, the most commonly utilized statistical pa-
rameter for characterizing surface roughness is the interface width (w) or root mean square
(RMS) roughness. It is calculated as the standard deviation (w) of surface heights derived

from AFM pictures: < w(t) >n= < SN [hi— < h >y]? p1/2, where < h > is the aver-

age surface height, N is measured points. A larger value of the interface width indicate a
rougher surface. In cases where surface topographies exhibit a predominant length scale,
a correlation can be assumed between the root mean square (RMS) roughness and the am-
plitude of the topographical features. The root mean square (RMS) roughness is classified
as a first-order statistical quantity, primarily employed for characterizing rough surfaces.
First-order statistical quantities focus only on describing the statistical properties of in-
dividual points without considering the lateral dimensions of the features. Consequently,
two surfaces with identical height distributions and RMS roughness values might appear
distinctly different if there are variations in the length scales along the surfaces. In other
words, differences in the frequencies of height fluctuations along different length scales can

significantly influence the overall appearance and characteristics of the surfaces. To over-
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come this limitation, additional quantities are needed for proper characterization. The
power spectral density (PSD), which belong to the second statistical quantities are used.
PSD consider the relationship between two points on the surface. For the measurement
of the PSD function, used frequency properties of surface topography, utilizing reciprocal
space is more convenient than real space. To detect the dominant frequencies, performing
the 2D Fast Fourier Transformation (FFT) of AFM image. Additionally, the FFT of an
AFM image provides information about the periodic element and anisotropy present in
the original image. The FFT of an AFM image displayed several spots or rings around
central spots, revealing important details about the nanoscale surface topography and the
arrangement of features. The central spot, known as the DC term, represent the average
intensity or height of the entire image. Meanwhile the first spot corresponds to the dom-
inant spatial frequency and provides information about the separation of features in the
real space. Additional spots indicate higher lateral ordering or periodicity of structures
on the surface. The width of a spot or ring is connected to the homogeneity and spatial
correlation of features. Narrow spots or rings are indicative of a narrow size distribution.
To facilitate the quantification of information within the FFT diagram, PSD functions
are utilized. These functions, derived from the FF'T spectra, provide quantitative insights
into both the height and lateral distribution of features. Additionally, information about
dominant relaxation mechanisms can be obtained from the decay of the PSD in the high
frequency region. The PSD function were obtained from the 2D FFT diagram using the
Gwyddion software [154]. It is known that RMS roughness can be obtained from the
area under a band limit part of the PSD function [159]. In summary, while both FFT of
an AFM image and PSD are tools for analyzing surface topography, the FF'T focuses on
revealing dominant spatial frequencies, whereas the PSD provides a statistical measure
of the power distribution across different spatial frequencies, offering insights into the
amplitude variations at different scales. They are complementary approaches and can be

used together to comprehensively characterize surface features.
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2.3.2 Scanning Electron Microscopy (SEM) and Energy Disper-
sive X-ray Spectroscopy (EDX)

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX)
are often used together to provide detailed information about the morphology and com-

position of materials [156].

Working Principle

Electron beam generation: SEM uses a focused beam of electrons instead of light
to illuminate the specimen. An electron gun generates a beam of high-energy electrons.
Electron beam scanning: The electron beam scans across the surface of the specimen
in a raster pattern. As the beam interacts with the specimen, various signals are produced.
Signal Detection: Secondary Electrons (SE) are emitted from the specimen’s surface
due to the interaction with the primary electron beam. These are commonly used for
imaging the surface topography. Backscattered Electrons (BSE) are high-energy electrons
that are scattered back from the specimen’s atomic nucleus. The intensity of BSE is
related to the atomic number of the elements, providing information about elemental
composition. Image Formation: The signals are collected and used to create detailed,
high-resolution images of the specimen’s surface. The main component of SEM consists of
the a electron source, a scanning system, electromagnetic lenses, vacuum system, display,

detecor(s) and electronic controls as shown in Fig. 2.10

Working Principle of EDX

X-ray Emission: When the high-energy electrons from the SEM beam strike the speci-
men, they can displace inner shell electrons from atoms in the specimen. Electrons from
outer shells then move to fill these vacancies, releasing energy in the form of X-rays. X-
ray Detection: The EDX detector collects and analyzes these emitted X-rays. Each

element emits characteristic X-rays with unique energies when excited, allowing identifi-
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Figure 2.10: A schematic diagram represents the basic components required for SEM.

cation of the elements present in the specimen. Spectral Analysis: The X-ray spectrum
obtained provides information about the elemental composition of the sample. Peaks in
the spectrum correspond to specific elements present in the specimen. Mapping and
Quantification: EDX can be used for elemental mapping, providing spatial information
about the distribution of elements on the specimen’s surface. Quantitative analysis can

be performed to determine the relative abundance of different elements.

Instrumentation

For characterizing the samples through SEM analysis, central research facilities of II'T
Ropar has been used. The model of the SEM is JEOL JSM-6610/LV working under
ultra-high vacumm. It is a high performance, high resolution tungsten SEM that could
accommodate large samples up to 400 mm in diameter and 80 mm in height. It has the
following resolutions in HV (High Vaccuum) mode: 3 nm (30 kV), 8 nm (3 kV) and 15 nm
(1kV). In LV (Low Vacuum) mode, it has a resolution of 4.0 nm at accelerating voltage of

30 kV. Accelerating voltage could be varied from 300 V to 30 kV and magnification is of
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the order of x5 to 300,000. Vacuum pressure in chamber (LV regime) is adjustable from
10 to 270 Pa. JEOL JFC-1600 Gold coating unit has been used for making the sample
conducting by coating thin layer of gold on it.
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3.1 Introduction

Over the past few decades, engineering of materials at the nanoscale employing ion
beam methods has been well established [160]. Of the various techniques considered,
low energy ion beam irradiation induces self-organized nanopatterns on solid surfaces
such as nanodots and nanoripples without the need of a mask or photoresist. Such self-
organized nanopatterns often take the form of either one-dimensional (1D) ripples or 2D
arrays of dots, depending on the direction of incidence of ion beam on the solid sur-
face [7,77,161-163]. The generation of self-organized nanostructures with spatial and
temporal periodicity on a wide range of solid surfaces has thus gained considerable at-
tention using Ion Beam Irradiation (IBI) as a bottom-up, single-step, and cost effective
approach in comparison to lithography [164]. IBI generates a diversity of self-organized
nanostructures on a wide variety of crystalline or amorphous materials such as semicon-
ductors [6], metals [77], insulators [83], and polymers [87] by varying irradiation conditions
such as incidence ion energy, incident ion angle, ion flux, fluence, etc. The theoretical
foundation for the current understanding of surface nanostructuring by IBI was seminally
laid down by Bradley and Harper (BH) [10] by incorporating Sigmund’s theory of sputter-
ing [4] into a continuum evolution equation for the surface height h(r, ) of the irradiated
target at time ¢ at position r = (z,y) on a reference plane. The BH equation for the local
velocity of the surface reads

% = —v,00h — v, 0o h — KV*h, (3.1)
where v, , (termed as the surface tension parameters) depend on beam parameters like
incident ion energy F, incidence angle 6, flux, etc., while in the original BH model X > 0
is related with thermally activated surface diffusion. The fact that at least v, > 0 [10]
implements Sigmund’s unstable dependence of the sputtering yield with the local sur-

face curvatures, which implies that a surface trough is sputtered away by irradiation
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faster than a surface peak [165] leading to a dynamical instability, counteracted upon
by diffusive transport, which tends to smooth out surface height differences [10]. This
model successfully explained experimental findings like the ripple alignment with respect
to the ion beam [7], but failed to explain others, like the coarsening of the ripple wave-
length at intermediate times or the stabilization of the ripple amplitude at long sputtering
times [163]. Even more importantly, for the paradigmatic case of materials that become
amorphous under IBI, like semiconductors, the main physical mechanisms behind v, ,
and KC are nowadays known not to be an unstable sputtering yield and thermal surface
diffusion but, rather, material rearrangement and surface confined viscous flow, respec-
tively [6]. Nevertheless, under such a reinterpretation of the physical significance of its
parameters, Eq. (3.1) remains an accurate description of the short time evolution of many
IBI experimental systems [164]. Equation (3.1) being linear in the surface height and its
derivatives implies exponential growth of the height amplitude and the surface roughness
under pattern-forming conditions [6,7,163]. Many efforts have been devoted to gener-
alize it into a nonlinear model which, beyond describing saturation of the height to a
finite steady-state profile, features suitable predictive power [6,163]. Although the is-
sue remains open, the following nonlinear model [166,167] contains the main qualitative

aspects of relevance for the present work:

oh=3" [—yi O2h + 020,k + AV (@h)ﬂ + Y [—/cijafafh @ a,?(ajh)ﬂ . (32)
— ij=.y

Indeed, for standard ion fluxes J ~ 1 — 10 ions nm~2 s~!, Eq. (3.2) follows from a more
complete dynamical description in which the evolution of the surface height is explicitly
coupled to that of the density of material transported along the surface, and all the pa-
rameters depend on physical conditions like F, 6, temperature, etc. [166, 167]. Equation
(3.2), some of whose instances have been experimentally assessed [13,168], generalizes the
BH model (that corresponds to the terms with coefficients v; and ;) via the occurrence

of additional linear terms with parameters €2, and §2,, which are to be expected under

3 Towards ordered Si surface nanostructuring: Role of an intermittent ion
beam irradiation approach
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f # 0 oblique incidence conditions, as the ion beam breaks the x < —z, but not the
y <> —y symmetry on the target plane (where we take = along the projected ion beam
direction) [11]. Equation (3.2) further features nonlinear terms with coefficients )\gl) and
/\g). The former are associated with nonlinear effects that, like sputtering, do not con-
serve the total amount of material on the surface, and efficiently arrest growth of the
ripple amplitude while disordering the in-plane ripple arrangement [13]. The latter im-
plements, e.g., surface-transport-related nonlinearities that preserve the total amount of
material, and are known to induce e.g. coarsening of the ripple wavelength [13,166, 167].
Although the parameter space of Eq. (3.2) is huge, the generic evolution it predicts un-
der pattern forming conditions (e.g., v, > 0, v, < 0) agrees largely with experimental
observations [166, 167]. Actually, this precise continuum model has been very recently
shown [169] to correctly describe many linear and non-linear features of experimental sys-
tems like those we address in our present work. Over the years, IBI has gained potential
to generate varied patterns having characteristic length scales of about tens of nanometers
over large sample surfaces. To this effect, several unconventional methods of sputtering
like dual-ion-beam sputtering, crossed-ion beam sputtering, etc. have been employed by
several groups [137-139]. However, a major factor that hinders the applicability of this
technique is the occurrence of spatial defects in the patterns which emerge [164]. Several
attempts have been made to circumvent these defect formations and obtain near-perfect
periodic structures. One of the early works by Aziz et al. demonstrated [143] that long
range order is achievable by altering the spacing and orientation of pre-patterned lateral
templates made on a substrate. Studies by Frost and co-workers on Si irradiated with
noble gas ions (incident ion energy F =~ 2 keV) indicated that defects on ion irradi-
ated surfaces can be minimized at large fluences around 10 ions cm™2 [100,170]. The
lateral ordering usually associated with a narrow size distribution of the surface nanos-
tructures increases with the bombardment time. A separate study done by the same

group also showed that excellent ripple ordering can be achieved by Xe™ ions at low
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ion incidence angles even at moderate ion fluences and also for a diverging incident ion
beam [75,171]. However, these results may be affected by inadvertent, uncontrolled co-
deposition of metallic impurities during the irradiation process [6,172]. Further, ripple
ordering properties at particular incidence energies have been observed to depend on the
bombarding ion species [76], while non-standard irradiation setups like sequential and/or
dual IBI [138,139,173] have been also employed with the goal to reduce pattern defects.
In this context, a work by Keller and Facsko demonstrated that defect minimization in
ripple morphology can be achieved by rotating a pre-sputtered sample by an azimuthal
angle of 90° [174]. Kim et al. demonstrated that a defectless array of Au nanodots
can be fabricated using sequential ion beam sputtering of an Au layer. The experiment
essentially consisted of two separate sequences of ion sputtering after changing the ion
beam angle [80]. Recently, Harrison and Bradley [149] have suggested on a theoretical
basis that, if a sample surface is periodically rocked about a suitably chosen normal axis
during ion bombardment, defect-free ripples might be obtained. The predictive power of
this proposal has been assessed experimentally to a varying degree of success by Jo et
al. [144]. All these works suggest the wide range of approaches that different groups have
taken to realize defect-free nanostructured surfaces via IBI. In spite of these efforts, it
still remains a challenge to obtain systematic conditions that lead to defect-free rippled
surfaces considering the linear and non-linear regimes which are specific to a given ion-
target combination. In view of the above facts, in the present work we have investigated
the evolution and dynamics of ripple formation on the paradigmatic Si surfaces [6] by
introducing an unconventional method of intermittent sputtering, in which the surface
is irradiated and left to relax intermittently within intervals of various time durations,
thereby influencing the pattern formation process and ordering properties. The present
method employed generalizes earlier works on sequential sputtering by performing re-
peated alternated irradiation and relaxation steps. While in those earlier works, the time

interval between the two stages of sputtering is principally governed by the time required

3 Towards ordered Si surface nanostructuring: Role of an intermittent ion
beam irradiation approach
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to change the incident beam angle, here we have carried out intermittent sputtering in
varying degrees of relaxation times and sputtering durations. All the experiments were
carried out at oblique incidence using an Ar™ ion beam. Initially, they were carried out
at higher energy conditions where the evolved surface consisted of ripples only and hence
was relatively a simple one. Next, the experiments were performed at lower energy, where
individual ripples are known to be better formed. Intermittent sputtering was achieved
by varying the sputtering time (beam-on condition) of each of the irradiation intervals
separated by relaxation periods of a fixed duration, or else the relaxation time (beam-off
condition) in between two consecutive irradiation intervals of a fixed dose. For the low
energy conditions studied, the surface morphology exhibits ripple formation simultaneous
with the development of hierarchical triangular morphologies that have focused theoreti-
cal [175] and experimental [176,177] interest very recently. The intermittently sputtered
samples are compared with those which have been sputtered continuously using Ar™.
The ripples are found to feature improved ordering for short durations of continuous or
intermittent sputtering conditions. Our findings can be rationalized in terms of the phys-
ical principles underlying Eq. (3.2), as borne out from the numerical simulations that we

report for this continuum model.

3.2 DMaterials and methods

Commercially available undoped Si (100) substrates were cut into pieces of 1 x 1 cm? area
and cleaned ultrasonically in ethanol for 20 min. They were rinsed with de-ionised water
subsequently. These were then mounted on a sample holder inside a vacuum chamber
that houses a Kaufman ion source. The ion source is a three-gridded ion source with
an in-built neutralizer. This configuration ensures minimum divergence of the beam up
to a distance of 20 cm beyond which the beam diameter grows rapidly [153]. A Si(100)
wafer of 2”7 diameter was placed in between the sample and the metal sample holder to

avoid any metal impurity sputtering. The sample holder was at a distance of 15 cm from
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the source in a high vacuum chamber whose base pressure and working pressure were
kept at 2.17 x 10~ Torr and 3.14 x 10~ Torr, respectively. The sample surfaces were
irradiated at room temperature with 900 eV Ar* ions at an incidence angle 6 = 67° with
respect to the surface normal. The beam current was maintained at 13.3 mA. The Si
substrates were sputtered continuously for 2, 5, 10, 15, and 20 min (referred to as Na,
N5, Nio, Nis, and Ny, respectively) corresponding to 10 x 108, 2.5 x 10, 5 x 10",
7.5 x 10*, and 10 x 10! ions cm™2 fluences, respectively. Further, a separate set of Si
samples were also irradiated at room temperature but at 500 eV incident energy, while
all other conditions remained the same. This second set of experiments was divided into
two categories. In the first category, the sputtering time intervals were altered (from 2 to
15 min) while keeping the relaxation time (tz = 5 min) constant between two successive
sputtering events (samples So to Syg in Table 3.1). In the second category of experiments,
the relaxation time between two consecutive sputtering events was altered (from 0 to
15 min) while keeping the sputtering time fixed (ts = 5 min) (samples Ry to Ry5 in
Table 3.1). For all the above samples, the total fluence delivered was 10 x 10! ions
cm~ 2. Correspondingly, the total time of sputtering i.e., 20 min, kept fixed for both
categories, was divided as per the details given in Table 3.1. The relaxation times in the
experiment have been chosen considering the time for linear regimes found from earlier
studies [144,178]. Estimates from the data in the above studies suggest that the time
scale for linear regime (which corresponds to the growth rate of the most unstable Fourier
mode of the surface height) is about 5 mins or less. Considering the beam conditions in
our experiment, the corresponding values for the present case would be less than 5 mins.
Therefore, the relaxation times were chosen from 2 mins to 20 mins since, the investigation
had to be performed in the non-linear regime. It is to be noted that in comparison to the
above, the time scale of a collision cascade and surface diffusion processes are of the order
of 10712 secs. In addition to the above, Si substrates were also sputtered continuously

for F = 500 eV at room temperature for 2, 5, 7, 10, and 20 min (referred to as Cs,
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Sputtering Relaxation Tota%
Sample label time intgrval time inte}"val Z?Efse(?él;g
(ts) (min) (tr) (min) (i)
Sa 2
Ss 5 .
S7 (%) 7
Sto 10
S20 (= C20= Ry) 20 0 ”
R, 9
Rs 5
Ry 5 7
Rio 10
Ris 15

Table 3.1: Sputtering and relaxation time durations of samples subjected to intermittent
500 eV Ar™ ion bombardment. Cy sample is irradiated continuously for 20 min; in this
case, total sputtering time (t¢) is equivalent to continuous sputtering time. (*) S; sample
is irradiated intermittently for a total time of 20 min (the last sputtering period is 6 min
long).

Cs, C7, Cyo and Coqp, respectively) corresponding to ion fluences of 10 x 108, 2.5 x 109
3.5 x 1012, 5 x 10', and 10 x 10' ions cm?, respectively. Figure 3.1 gives a typical
schematic view (corresponding to sample Sy) for intermittent sputtering with the beam
on for 2 min windows and off for 5 min windows (in between two consecutive sputtering
events). The total sputtering time is kept as 20 min, at which a total ion fluence of

2 is achieved. Surface morphologies of the Si surfaces were imaged

10 x 10" ions em™
ex-situ after intermittent irradiation by atomic force microscope (AFM) (MultiMode 8,
Bruker, USA) in tapping mode, using a silicon cantilever with a tip of 10 nm radius
under ambient conditions, with an image resolution of 512 x 512 pixels. After obtaining

the topographical images of irradiated surface by AFM, quantitative information about
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Figure 3.1: Schematic showing beam-on (sputtering time) and beam-off (relaxation time)
steps for irradiation of samples with 500 eV Ar™ ions at 67°. The schematic corresponds
to So of Table 3.1 as an example.

statistical surface parameters such as wavelength, periodicity, root mean square (rms)
roughness (standard deviation of the height values), amplitude, correlation length, etc.
were extracted using Gwyddion software (version 8.1) [154]. The results presented are
an average of about 4 AFM scans for each sample. The images were further analyzed
using ImagelJ software [155] to obtain the average area of small features on irradiated
surfaces. In the event of sputtering, starting out from a flat initial condition (in practice,
a small-amplitude random perturbation thereof), a sinusoidal profile forms along the x
direction (so-called parallel ripples [164]), whose wavelength remains time-independent,
while the root mean square (rms) roughness of the surface increases exponentially. This
behavior is shared by Eq. (3.1) and corresponds to the early time, linear regime of the
process [7,178]. Once the surface profile departs sufficiently far from a flat shape, height
derivatives become non-negligible and dynamics are controlled by the nonlinear terms. In
this nonlinear regime, the increase of the root mean square (rms) roughness slows down,
while the ripple wavelength frequently becomes fluence dependent; eventually, a steady
state can be reached, at which the rms roughness and the wavelength both stabilize [6,163].
Additional morphological behaviors described below can be identified in the linear and
nonlinear regimes described by Eq. (3.2). Fast Fourier Transform (FFT) has been used
to check the periodicity and alignment of nanopatterns on the irradiated surfaces. In

particular, the height power spectral density (PSD) was used to characterize the irradiated
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surfaces further. Specifically, the PSD of the surface height field is defined as [14,179]

PSD(q. t) = (|h(a. 1)), (3.3)

where h(q,t) is the space FF'T of the surface height field h(r, t), brackets denote an average
over scans or experiments, and q = (¢,, ¢,) is two-dimensional wave vector. We have also

evaluated the 1D PSD of 1D surface profiles along, e.g., the z-direction, namely,

PSD (¢, t) = (| (0, 1) %), (3.4)

where hy,(q,) is the FFT of the one-dimensional profile h(z, yo) for a fixed y, value. These

two functions are related as [180, 181]

1 o0
PSD(q.,t) = ;/ dq, PSD(q, ). (3.5)
0

If a ripple structure exists which is periodic along the x direction, this reflects into the
occurrence of a characteristic peak (local maximum) in the plot of PSD(q,) vs ¢., say at
¢r = ¢« In such a case, the ripple wavelength is A = 27/¢, while the width of the peak is
inversely correlated with the degree of space order in the morphology [144, 182]. On the
other hand, for a finite time before the steady state has been reached, a finite value of
q = q. separates the qualitative behavior of, e.g., PSD(q,, (). Thus, for ¢, > ¢. the PSD
shows non-trivial behavior with ¢,, while it is ¢,-independent for ¢ < ¢.. In such a case we
identify & = 27 /q. with a correlation length, in the sense that surface features separated

by a smaller (longer) distance than & are statistically correlated (uncorrelated) [182].
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3.3 Results and discussions

3.3.1 Surface evolution for continuous sputtering conditions at

900 eV

We first consider standard continuous sputtering experiments for an ion energy value
which leads to a relatively simple pattern morphology. This will illustrate our method
of analysis; most importantly, it will also provide us with an important reference case
for comparison with the intermittent sputtering experiments. The morphology and PSD

spectra of the pristine Si surface are shown in Fig. 3.2. Figure 3.3 shows 3 x 3 um? AFM
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Figure 3.2: (a) 3 x 3 yum? AFM micrograph of pristine Si surface. Top right inset: 2D
FFT (square root of the 2D PSD) corresponding to the AFM images. (b) Power spectral
density of the pristine Si surface.

images of a Si surface under continuous sputtering condition as described in Section 3.2,
with the black arrow indicating the projection of the incident ion beam direction on the
Si surface (z-axis). The surface morphology of these Si surfaces undergoing IBI indeed
exhibits an unambiguous parallel ripple pattern along the x-direction, as predicted by Eqs.
(4.1) and (3.2) for v, > 0 such that v, > 1,,. The orientation of the ripples is confirmed
from the structure of the 2D FFT (square root of the 2D PSD) plots obtained from the

AFM images. Indeed, note the preferential alignment of the 2D FFT function around the

3 Towards ordered Si surface nanostructuring: Role of an intermittent ion
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Figure 3.3: 3 x 3 um? AFM micrographs of 900 eV Ar* irradiated Si at 67° for continuous
sputtering times ty of (a) 2 min, (b) 5 min, (¢) 10 min, (d) 15 min, and (e) 20 min. Black
arrows indicate the ion beam direction. Top right insets: 2D FFT (square root of the 2D
PSD) of the corresponding AFM images.

k. direction [182]. In addition, both the real and reciprocal space images suggest an overall
morphology which does not change much with increasing time. The ripples are frequently
interrupted along the y-direction, leading to a relatively disordered 2D arrangement, while
their wavelength (e.g., peak-to-peak distance) along the z-direction coarsens somewhat
with increasing time, as seen in Fig. 3.4. Note, wavelength coarsening is a nonlinear
property [13, 166, 167] that can be described by Eq. (3.2), but not by the linear Eq.
(3.1). These observations can be substantiated more quantitatively from the analysis of
Fig. 3.4(a), which plots the topographic parameters extracted from AFM micrographs
for the 900 eV sputtered surface as functions of sputtering time (ion fluence). For the
range of fluences shown, the overall change in amplitude and roughness is small; yet, the
wavelength of the ripples does unambiguously increase up to 61 nm from the earlier value
of 50 nm at the smallest fluence. It increases rapidly within the first 5 mins of irradiation
and slows down thereafter. The behavior seen in Fig. 3.4(a) for the wavelength, rms,
and amplitude is fully consistent with a nonlinear regime of evolution [178], implying

that the total duration of the linear regime is shorter than 2 min under the present
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Figure 3.4: (a) Amplitude, rms roughness, and wavelength (bottom to top) vs sputtering
time for continuously sputtered Si surfaces using 900 eV Ar*, for ion fluences from 10x10'8
to 10x 10" ions ecm~2. (b) Log-log plot of 1D PSD versus spatial frequency ¢ (extracted
from 1D cuts of AFM images) along the ion beam direction (z-axis). The straight solid
line shown as a reference corresponds to power-law behavior as PSD(q) ~ ¢™, for m as
given. All other lines are guides to the eye.

irradiation conditions. The wavelength in Fig. 3.4(a) has been obtained from the fluence-
dependent peak positions in the 1D PSD spectra as shown in Fig. 3.4(b). No change
in the sharpness of the peak in PSD spectra is observed with increase of ion fluence
from 10x10* to 10x10' ions em~2, implying that the quality of ordering of the ripples
does not change appreciably during the process. Note that, on the other hand, the local
peak associated with the ripple structure is not very pronounced, which is indicative of a
high degree of space disorder, as assessed in other models and experiments of IBI, see e.g.
Refs. [11,144] and works quoted therein. Furthermore, with increasing fluence the 1D PSD
develops power-law behavior at small ¢ that seems to converge to PSD(q) ~ 1/¢"%. This
speaks of strong height fluctuations and kinetic roughening at large scales [14, 182, 183].
Comparing with the theoretical behavior of the 1D PSD for kinetically rough 2D surfaces,
PSD(q) ~ 1/¢**™! [14,180,181], we obtain o = 0.3 for the roughness exponent «, a value
which is similar to those previously obtained for IBI of e.g. highly oriented pyrolytic
graphite at 5 keV [184] or Si at 500 eV [185]. For comparison, a purely Brownian surface

3 Towards ordered Si surface nanostructuring: Role of an intermittent ion
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would lead to a 2D PSD [Eq. (3.3)] which behaves as PSD(q) ~ 1/¢?, hence a 1D PSD
[Eq. (3.4)] behaving as PSD(q,) ~ 1/¢s, so that apownian = 0 (implying that the increase
of the (squared) surface roughness w with the lateral size ¢ of the observation window
is logarithmic as w? ~ In/, rather than power-law as w? ~ ¢** ! [14,182]). From this
point of view, a > 0 as obtained in our experiments implies that the surface heights show
persistent behavior if considered as random variables, due to strong positive correlations
among them [14,182]. Again, the time behavior of the PSD curves shown in Fig. 3.4(b)
is consistent with fully nonlinear behavior [11, 186] akin to that found for particular
instances of Eq. (3.2) [167], and a linear regime that is shorter than 2 min under the

present irradiation conditions.

3.3.2 Surface evolution for continuous sputtering conditions at

500 eV

In order to make contact with the results of our novel intermittent method, reported
in Sec. 3.3.3 below, we next proceed with continuous IBI experiments at the same ion
energy, £ = 500 eV, as will be employed later. Figure 3.5 thus shows 3 x 3 pum? AFM
images of Si surfaces sputtered continuously at 500 eV for 2, 5, 7, 10, 15, and 20 min.
The black arrow indicates the direction of the incident ion beam on the Si surface. The
surface morphology exhibits a parallel-mode nanoripple pattern which is generally more
ordered than that obtained at I = 900 eV. The orientation of the pattern can be again
confirmed by the 2D FFT of the 1 x 1 um? AFM images shown in Fig. 3.5. It is evident
that the quality of individual ripples is far better than those on Si sputtered at 900 eV.
The overall 2D order has also improved, as reflected by the sharper 2D FFT. However,
at this energy the morphology structure is richer, as all the AFM images show triangular
structures superposed on the parallel ripple pattern, which are oriented along the same

direction. Formation of such hierarchical structures has been previously reported in the

'Recall the exact relation w? = [ dqPSD(q) [14,182].
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Figure 3.5: 3 x 3 um? AFM micrographs of 500 eV Ar* irradiated Si at 67° for continuous
sputtering times t¢ of (a) 2 min, (b) 5 min, (¢) 7 min, (d) 10 min, (e) 15 min, and (f)
20 min. Black arrow indicates the ion beam direction. Top right insets: 2D FFT of
corresponding AFM images. The white dashed line in (b) selects a portion of the surface
to be compared to a numerically simulated surface in Fig. 3.13.

literature, see e.g. Refs. [109,175-177] and references therein. We will later confirm that
all these experiments are also in a nonlinear regime of evolution, following an analysis
similar to that made on the basis of Fig. 3.4. For now, let us stress that, from the point of
view of the nonlinear continuum model discussed above, Eq. (3.2), the main qualitative
feature to be noted is that, as realized in Ref. [175], the coeflicients €2, and €2, need to be
substantially larger for ¥ = 500 eV than they are at F = 900 eV, thus implementing the

enhanced morphological role observed for the triangular structures.

3.3.3 Surface evolution with intermittent sputtering conditions

We finally report on our intermittent sputtering experiments, which have been carried
out as discussed in Section 3.2. Figure 3.6 shows 3 x 3 um? AFM topographic images of
Si(100) surfaces for intermittent sputtering of samples Sy to Syg as described in Table 3.1.

The total sputtering time (t¢) was chosen to be 20 mins since the ripple ordering is best

3 Towards ordered Si surface nanostructuring: Role of an intermittent ion
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Figure 3.6: 3x 3 yum? AFM micrographs of 500 eV Ar* irradiated Si at 67° for a relaxation
time interval (tg) of 5 min and sputtering time intervals tg (a) 2 min, (b) 5 min, (c) 7
min, (d) 10 min, and (e) 20 min. The total sputtering time (t¢) is 20 min and the total
ion fluence is 10 x 10! ecm=2. Black arrows indicate the ion beam direction. As noted
in Table 3.1, panel (e) for Sy is identical to Cyy from Fig. 3.5 and is reproduced here
for the reader’s convenience. Top right insets: 2D FFT of corresponding AFM images.
Bottom left insets in panels (a) and (e): 1 x 1 ym? AFM micrographs of corresponding
AFM images.

observed at that time as exhibited by the 2D FFT images as shown in Fig. 3.7 (j). Here,
the sputtering time interval is varied while the relaxation time interval is kept constant
(trg = 5 min). The black arrow indicates the direction of the incident ion beam on the Si
surface. The surface morphology of Si exhibits well ordered parallel-mode nanoripples. It
is observed that the nanoripples carry again triangular-shaped morphologies superposed,
the sizes of which vary with the sputtering time intervals. Figure 3.6(c) corresponding to
the sample S; (ts = 7 min and tz = 5 min) shows additional patch-like structures parallel
to the ion beam direction, similar to the large-scale structures previously reported in
Ref. [187]. The insets of Fig. 3.6 show the FFTs of the observed morphologies. It is
evident from the FFT that the ripple periodicity as well as the ordering change with the
intermittent sputtering time. The distinct spots in the FFT of S; suggest that the ripples
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Figure 3.7: 3x 3 um? AFM micrographs of 500 eV Ar* irradiated Si at 67° for a relaxation
time interval (tg) of 5 min and sputtering time intervals (tg) of 2 min with increasing
total time of sputtering for each Si sample from (a) to (j) tr = (a) 2 min, (b) 4 min, (c)
6 min, (d) 8 min, (e) 10 min, (f) 12 min, (g) 14 min, (h) 16 min, (i) 18 min, and (j) 20
min. Black arrow indicates the direction of incidence of the ion beam. Top right insets:
2D FFT of corresponding AFM images.

are best ordered for this condition. Figure 3.8 sequentially shows the effect of variation
of the relaxation time interval (tgz) for a constant sputtering time interval (tg = 5 min)
using 3 x 3 pm? AFM images of Si surfaces. The results are for samples Ry to Rys as
described in Table 3.1. The black arrow indicates the direction of incident ion beam on
the Si surface. Similar morphologies as obtained for samples S, to Sog are observed to
form on the Si surfaces. The FFT images, however, indicate that now the ripples have
a lesser degree of order as compared to the earlier case, since the FFT spots are not as
distinct. Within the samples Ry to Rys, the sample R; (tg = 7 min and tg = 5 min)
seems to exhibit the best degree of order as compared to others. Beyond the 2D AFM
topographs and their FFTs, we can further characterize all the experiments performed at
E =500 eV in a similar way as we did in Fig. 3.4 for the experiments done at £ = 900 eV.

Results are displayed in Fig. 3.9, which compares the rms roughness, ripple amplitude,

3 Towards ordered Si surface nanostructuring: Role of an intermittent ion
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Figure 3.8: 3x3 pm? AFM micrographs of 500 eV Ar™ irradiated Si at 67° for a sputtering
time interval (tg) of 5 min and for relaxation time intervals tg (a) 0 min, (b) 2 min, (c)
5 min, (d) 7 min, (e) 10 min, and (f) 15 min. The total sputtering time (t¢) is 20 min
and the total ion fluence is 10 x 10! em~2. Black arrows indicate the ion beam direction.
As noted in Table 3.1, panel (a) for Rg is identical to Cy from Fig. 3.5(f) and to Sy
from Fig. 3.6(e), and is reproduced here for the reader’s convenience. Top right insets:
FFT of the corresponding AFM images. Bottom left inset in panel (a): 1 x 1 yum? AFM
micrograph of the corresponding AFM image.

and ripple wavelength for the three modes of sputtering implemented at F = 500 eV.
The rms roughness for all the three modes of sputtering is seen to range between 1.5 to
6 nm in the time interval investigated. The ripple amplitude increases first, reaches a
maximum and finally decreases slightly for the continuous mode. On the other hand, it
tends to saturate at similar level for the variable sputtering time case while it shows an
overall decrease for the variable relaxation time experiments. Comparison of Figs. 3.4(a)
(for £ =900 eV) and 3.9(a) (for F = 500 eV) suggests a very similar time evolution for
the roughness, ripple wavelength, and ripple amplitude when performing continuous 1BI
at both energy conditions. The main difference is the occurrence of larger fluctuations in
the values of these variables for the lower ion energy case, possibly due to the increased

complexity of the surface morphology introduced by the triangular structures, whose
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Figure 3.9: Plots showing amplitude, rms roughness, and wavelength dependence with
time (bottom to top) for: (a) Continuous sputtering (varying t¢), (b) varying sputtering
time interval (tg), and (c) varying relaxation time interval (tg). Lines are guides to the
eye.

space distribution seems to be quite random as in other reports [175-177,187]. From
the point of view of Eq. (3.2), the most relevant change in the parameters with ion
energy is an increase of 2, , when reducing F, thereby enhancing triangular structures.
The main conclusion we extract from these results for our intermittent IBI approach is
that all the sputtering time intervals to be employed in our intermittent experiments at
E =500 eV are in the nonlinear regime of evolution. This is also confirmed by the time
behavior of the 1D PSD function for continuous sputtering at this ion energy, shown
in Fig. 3.10(a). By comparing this plot with Fig. 3.4(b), we again notice the larger
amplitude of fluctuations that holds at low energy, together with a sharper main peak,
which speaks of better defined individual ripples. The sizeable power-law behavior that
takes place for ¢ < g, irrespective of time is indicative of nonlinear behavior for all to
values considered in this figure, as discussed above. The PSD curves in Fig. 3.10(a) show
a decrease in the sharpness of the peak distribution for increasing sputtering time thereby

indicating an increase in the number of space defects. The sharpest peak is observed
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Figure 3.10: Log-log plot of 1D PSD versus spatial frequency ¢ (as extracted from AFM
images) along the projection of the ion beam direction. (a) Continuous sputtering, (b)
variable tg for tp = 5 min and tc = 20 min, and (c¢) variable tg for tg = 5 min and tc =
20 min. Lines are guides to the eye.

for t¢ = 5 min, thus corroborating its prominence as found by AFM in Fig. 3.5(b). In
contrast, for £ = 900 eV, Fig. 3.4(b) shows broad peaks thereby indicating ill-formed
ripple structures as evident from the respective AFM images in Fig. 3.3. Figure 3.9(b)
shows the variation of rms, ripple amplitude and wavelength with the sputtering time
interval tg. The wavelength first decreases linearly till about 5 min and then slowly
saturates. The minimum wavelength is estimated to be 39 nm at tg = 5 min and tg = 5
min while the maximum wavelength equals 43 nm at tg = 2 min and tg = 5 min. As
the temperature of the target does not increase substantially under our IBI treatments,
we hypothesize that the surface morphology remains almost frozen during the relaxation
periods of the intermittent sputtering method, possibly with some local rearrangement
and defect elimination via surface diffusion. In such a case, for example 10 windows of
2 min sputtering each, separated by 5 min relaxation periods (as for Sy) will not be able
to bring the surface into a state which fully reproduces Cyg that is obtained via 20 min
of uninterrupted sputtering. For this reason, the values of the rms, ripple wavelength
and amplitude for S, will compare better with those of C,, for n < 20. By increasing
the sputtering time interval tg into S5, S7, etc. the corresponding final surfaces will more

efficiently compare with Cyy and for this reason the rms, ripple wavelength and amplitude
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values tend to become tg-independent, as seen in Fig. 3.9(b). However, too high values of
tg imply that the surface is well into the nonlinear regime during each sputtering window,
which largely increases the total number of defects. Therefore, there is an optimum value
of tg ~ 7 min at which the space ordering of the pattern reaches its optimal quality within
this intermittent IBI experiment, see panel (c¢) for S; in Fig. 3.6. The corresponding 1D
PSD curves [Fig. 3.10(b)] also show a relatively sharper peak distribution indicating higher
ordering of ripples for ts = 7 min and tz = 5 min. Finally, Fig. 3.9(c) shows the variation
of the rms and the ripple amplitude and wavelength with the relaxation time interval tp.
Now e.g. for tg = 2 min we have a total of four 5 min sputtering periods separated by
short 2 min relaxation intervals, during which moderate surface rearrangement can take
place. Thus, the rms and ripple wavelength and amplitude for Ry are similar to those of
e.g. Ci5. At tg = b min, the duration of the sputtering and relaxation periods is the same
making the two intermittent IBI experiments indistinguishable so that R; = S5, which
was close to optimal space ordering among the S,, samples. For still longer tg, the four
5 min sputtering windows are less and less efficient to bring the surface into a state like
Cy5, due to larger rearrangement during the increasingly long relaxation windows. This
results into departure from optimal ordering. For example, Rjy and R;5 resemble quite
closely long-time evolutions of triangular structures on rippled morphologies, obtained
experimentally by continuous low-energy IBI of fused silica targets [188]. The 1D PSD
curves in Figure 3.10(c) show a relatively less sharp peak distribution indicating a lower
ripple ordering in general. A sharper peak is observed for t¢ = 5 min and tzp = 7 min,

denoting a better pattern.

3.3.4 Additional issues

All the AFM images corresponding to samples bombarded at 500 eV show hierarchical
triangular structures on an underlying ripple morphology. Comparison was done between

sample Cyq and the intermittently sputtered samples. Amongst the latter, samples S;
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Figure 3.11: AFM images showing typical triangular structures highlighted as black tri-
angles for (a) Cy, (b) S, and (c) R7. (d) Typical line profile corresponding to the dashed
line on the selected triangular structure shown in panel (b). Black arrow indicates the
ion beam direction.

(i.e., ts = 7 min, tg = 5 min) and R7 (i.e., ts = 5 min, tg = 7 min) were chosen since
they exhibited the largest feature sizes, see Fig. 3.11. Figure 3.11(d) displays a typical
line profile across a single triangular feature for S;. The direction of the ion beam with
respect to the triangle is indicated in the figure. The sharp leading edge of the structure
is observed to have a height of around 17 nm. The opposite slow trailing edge consists
of the nanoripples, evidenced by the oscillatory behavior of the line profile. The areas of
these triangular structures were measured using ImagelJ [155]. The average area for the
triangular structures for continuous sputtering is approximately 0.067 ym?, while for the

2 and for the case of relaxation time interval it is

sputtering time interval it is 0.13 pm
0.07 um?. The change in the area of the triangular features with varying conditions shows
the potential of intermittent sputtering as a tool for changing the hierarchical feature
sizes during surface nanopatterning. As introduced above, the origin of the triangular

structures is the increased relevance of dispersive effects [described in Eq. (3.2) by the

linear terms with coefficients €2, and €2, during ion bombardment at oblique incidence
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under suitable conditions [175], in our case a relatively low ion energy, £ = 500 eV as
opposed to £/ = 900 eV. The most recent predictive modeling of IBI [26, 164] identifies
their physical origin in the ion-induced plastic flow that occurs in the top-most surface
layer of the target, whereby residual stress accumulates due to collision cascades, leading
to amorphization and eventual relaxation via viscous flow. The variation of the triangular
areas in this study suggest a variation of the stress conditions as the time durations (tg

and tg) of intermittent sputtering are changed.

Although the 1D PSD data shown in Fig. 3.10 for the intermittent sputtering condi-
tions are affected by strong fluctuations, as already noted, further additional information
can be extracted from them. Thus, the small-¢ power-law behavior, characteristic of
each nonlinear regime, changes with the intermittent IBI approach. We perform a similar
analysis to that employed for continuous sputtering at £ = 900 eV, see the discussion
of Fig. 3.4(b) above. Thus, for continuous sputtering at 500 eV we estimate a roughness
exponent value o = 0.5440.1. This increases to a = 0.65+0.1 for intermittent sputtering
conditions. Finally, for conditions where the relaxation time is varied, it further increases
to a = 0.77 £ 0.1. It is important to mention here, that the roughness exponents for
the variable relaxation time case shows a monotonic increase when tz changes from 5 to
15 mins. Hence, the behaviour exhibited by the roughness exponent also demonstrates a
dependence on the conditions for intermittent sputtering. When the irradiation is con-
tinuous, the roughness exponent takes on a minimum value, thereby suggesting a surface
which is rougher at the corresponding length scales. Indeed, the fractal dimension of the
surface is given by Dy = 3 — a [14,189], so that reducing the roughness exponent brings
Dy closer to 3, which implies strong fluctuations in the height values of the 2D surface.
Recall our discussion in Sec. 3.3.1 where we noted that o = 0 corresponds to a purely
Brownian surface. The use of intermittent sputtering increases the value of o, making Dy
closer to 2, implying a smoother 2D surface [14,189]. More specifically, upon varying the

relaxation time interval « increases, thereby suggesting smoothening of the surface at the
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corresponding length scales without largely affecting the interface rms roughness.

3.3.5 Numerical simulations

The interpretations of the experimental results discussed in Secs. 3.3.1 through 3.3.4
above are based on well-known published experimental results for continuous sputtering
experiments, as well as on their description via continuum models like Eq. (3.2). Actually,
this precise evolution equation has been very recently shown to satisfactorily account for
many of the properties observed experimentally for Si targets (continuously) irradiated
with Art ions at energies in the same range that we are presently addressing, both in
the linear and in the nonlinear stages of evolution. Hence, it is only natural to consider
the predictions of this model for the intermittent sputtering conditions just addressed in
Secs. 3.3.3, 3.3.4 above. This is what we proceed to do next.

Specifically, for computational feasibility the evolution equation addressed in Ref. [169]

is a particular case of Eq. (3.2) with a still very large parameter space, which reads

Oih = —v, O2h — v, Ph + Q,0%h + Q,020,h — KV*h

D (0,10 4 AD (B,h)2 + (2 + 102) (D) + 1y (D,h)°). (3.6)

As demonstrated in Ref. [169], Eq. (3.6) under continuous sputtering conditions features a
very rich morphological dynamics that includes ripple formation and evolution, triangular
shapes, and defects in the surface morphology, as seen in our own continuous sputtering
experiments at £/ = 500 eV, see Sec. 3.3.2. Hence, under continuous sputtering conditions
we consider virtually the same parameter values as in that reference, specifically, v, =
=K =1,9,=29,=0, A" =03 A" =0, g, = —0.25, and p, = r = 0. Note,
these parameter values are in arbitrary units and have been calibrated in such a way that
in our case one unit of simulation time corresponds to approximately 0.1 min of continuous

irradiation. Given this, the simulation times employed for the numerical results shown
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below have been finally divided by a factor of ten to ease comparison with the experimental
results. At the present stage of the theoretical development, no quantitative estimates
seem to be available in dimensional units for the equation parameters for the case in
which triangular structures appear. Indeed, fully quantitative simulation of continuous
equations like Eq. (3.6) is in general not possible for the present class of experiments and
remains an open challenge in the field [6,164]. With respect to our numerical integration
scheme for Eq. (3.6), similar to e.g. Ref. [26], we combine a fourth-order Runge-Kutta
scheme for time with finite differences in space, using periodic boundary conditions on
a two-dimensional substrate of L x L size with L. = 512 (unless otherwise indicated), a
lattice (time) step Az = 1 (At = 107*), and a flat initial condition for h(z,y), perturbed

by zero-mean, Gaussian white noise with standard deviation equal to 0.5.
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Figure 3.12: Surface morphologies obtained from numerical simulations of Eq. (3.6) under
continuous sputtering conditions for increasing simulation times ¢ = 2.66 (a), t = 9.54 (b),
and t = 20 (c). The height scale (in arbitrary units) appears to the right of each image.
Insets provide the corresponding FFT functions. Panel (d) shows the time evolution of
the rms roughness while panel (e) displays the 1D PSD for times as given in the legend.
All lines are guides to the eye and all units are arbitrary. Equation parameters are
Vp=—v,=K=10,=2Q,=0 A" =04, A\{"! =0, pp = —0.25, and p1, = r = 0 and
the lateral system size is L. = 512.

3 Towards ordered Si surface nanostructuring: Role of an intermittent ion
beam irradiation approach



68 3.3. Results and discussions

We follow a similar approach to that taken in the experiments and begin our numerical
study by considering the continuous sputtering setup. Figure 3.12 shows results from
numerical simulations of Eq. (3.6) under such conditions. Ripple formation is generally
seen to be accompanied by the emergence of triangular structures, akin to the experiments
discussed in Sec. 3.3.2. At small to intermediate scales, visual comparison between the
simulated and experimental morphologies can actually be quite good, see an example in
Fig. 3.13, in which the boxed portion of the experimental AFM top view of sample Cj
[panel (b) in Fig. 3.5 is compared to a portion of a surface obtained at time ¢t = 6.6 from

a numerical simulation of Eq. (3.6) using parameters as in Fig. 3.12.
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Figure 3.13: Comparison between the detail (a) that appears boxed in the AFM top view
of the experimental C5 sample displayed in Fig. 3.5(b) (see that figure for a scale bar) and
a portion of a simulated surface morphology (b) obtained from a numerical simulation
of Eq. (3.6) under continuous sputtering conditions for simulation time ¢ = 6.6. The
height scale for panel (b) is in arbitrary units. Equation parameters are as in Fig. 3.12,
the lateral system size [approximately twice the side of (b)] is L = 512, and the initial
condition is a random perturbation of a flat surface, see the text for more details.

Beyond visual comparison, Fig. 3.12 provides additional details on the surfaces sim-
ulated under continuous sputtering conditions. As expected, the rms roughness displays
an exponential increase with time (linear regime) for ¢ < 2, which is followed by a much
slower increase for longer times, saturation being reached close to ¢t = 20. Along this time
evolution the ripple wavelength coarsens somewhat, as is clear from inspection of Figs.
3.12(a) through 3.12(c). By comparing the results of Figs. 3.12 with those of Figs. 3.5
and 3.9(a), the simulated topographies seem nevertheless somewhat more ordered than the

experimental ones. This is probably unavoidable since: (i) stochastic height fluctuations
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are known to be experimentally relevant [11,24,164], while Eq. (3.6) is purely determin-
istic, and (ii) large-scale disorder is also quantitatively substantial for the experimental
morphologies, but the numerical simulations are restricted to much smaller window sizes,
which hinders agreement on the large-scale behavior. Indeed, both the 2D FFT and the
1D PSD functions are much more ordered (e.g. more satellite and sharper peaks occur)
for the numerical images than for the experimental ones. Still, some degree of qualitative
agreement is reached, specifically with respect to the fact that the PSD develops power-
law behavior at small ¢ with increasing irradiation time. However, the numerical value of
the corresponding roughness exponent is strongly affected by our current computational

limitations, in particular with respect to the value of L.

Next, we turn our attention to the intermittent sputtering experiments. To reproduce
these numerically, we will consider the same equation parameters as in Fig. 3.12 for
times during which the ion beam is on. For times during which the beam is off we
simulate the same Eq. (3.6), but using the following (primed to ease visual identification)
parameter values: v, = -y, = Q) = Q, = P )\;(1) =0, K =0.1, g, = —0.025,
and y, = 7' = 0. This choice is motivated by similar considerations to those that led
to the analytical derivations [166, 167] of Egs. (3.2) and (3.6), namely, the dominant
contribution of sputtering for the terms with parameters v}, €2, and /\;(1), and its non-
negligible contribution to those with parameters X' and g}, which remain non-zero in

absence of the ion beam and implement linear and nonlinear (conserved) mechanisms

166, 167].

Figure 3.14 displays results from numerical simulations of Eq. (3.6) under intermittent
sputtering conditions for increasing sputtering time intervals tg, for a fixed relaxation
time tg = 5. Note, as in the experiments, Sy = (5 which is shown in Fig. 3.12.
Panels 3.14(a)-3.14(c) display sample surface morphologies for several values of tg, which
resemble (but for substantially smaller system sizes) the experimental ones shown in Fig.

3.6. An advantage of the simulations is the insight into the detailed dynamics of each S,
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Figure 3.14: Sample surface morphologies obtained from numerical simulations of Eq. (3.6)
under intermittent sputtering conditions for increasing sputtering time intervals tg = 2
(a), ts = 7 (b), and tg = 10 (c) for a fixed relaxation time tg = 5. The height scale
(in arbitrary units) appears to the right of each image. Insets provide the corresponding
FFT functions. Panel (d) shows the time evolution of the rms roughness for all the
sputtering time intervals studied as detailed in the legend, while panel (d) displays the
final roughness reached in each case, as a function of the sputtering time interval. All
lines are guides to the eye and all units are arbitrary. Equation parameters are: during
sputtering intervals, v, = -, =K =1, Q, = 2, Q, =0, /\5;1) =04, )\1(,1) =0, p, = —0.25,
and p, = r = 0; during relaxation intervals, v, = —I/?/J =Q) = Q;J = )\;(1) = )\;(1) =0,
K'=0.1, u, = —0.025, and p;, = r" = 0. The lateral system size is L = 512.

system, provided by Fig. 3.14(d). This panel shows the full time evolution of each case,
an information which would be exceedingly costly to retrieve experimentally. From this
panel ? it is clear that, for each value of the sputtering time interval, the roughness tries
to follow the behavior obtained for continuous sputtering (Cy data, black bullets and
line). The relaxation periods interrupt such a behavior leading to an expected decrease in
the roughness, after which the roughness tries to catch up, and a similar alternation takes
place a different number of times depending on the value of tg. The system ends up with

a final roughness that depends on tg as shown in Fig. 3.14(e), which is to be compared

2Note that Fig. 3.14(d) is a doubly logarithmic plot.
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with Fig. 3.9(b). The overall decreasing trend of the roughness with increasing tg seems
to be well reproduced by the simulations, although admittedly this is not the case with
the the local minimum of the experimental roughness at tg = 7 min.

In the case of intermittent sputtering with a varying relaxation interval ty for a fixed
sputtering interval tg = 5, numerically addressed in Fig. 3.15, the experimental behavior
of the total rms roughness with tz seen in Fig. 3.9(c) does seem to be better reproduced,

see Fig. 3.15(e). Indeed, the numerical results show a local maximum before monoton-
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Figure 3.15: Sample surface morphologies obtained from numerical simulations of Eq. (3.6)
under intermittent sputtering conditions for increasing relaxation time intervals tp = 2
(a), tr = 7 (b), and tg = 15 (c¢), for a fixed sputtering time tg = 5. The height scale (in
arbitrary units) appears to the right of each image. Insets provide the corresponding FFT
functions. Panel (d) shows the time evolution of the rms roughness for all the sputtering
time intervals studied, as detailed in the legend (recall Cyy = Ry), while panel (e) displays
the final roughness reached in each case, as a function of the relaxation time interval. All
lines are guides to the eye and all units are arbitrary. Equation parameters and lateral
system size L are as in Fig. 3.14.

ically increasing for larger tg, akin to the experimental results. Further, the surface
morphologies in panels 3.15(a)-(c) again resemble their experimental counterparts from

Fig. 3.8 at small to intermediate scales. And again 3.15(d) provides the dynamics of the
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rms roughness in full detail for each fixed value of the relaxation time interval tz. An
analogous behavior to that discussed for Fig. 3.14(d) can be seen, with quantitative differ-
ences being due to the different combinations and values for the sputtering and relaxation
time intervals.

Overall, we consider that the agreement between the simulations of Eq. (3.6) and
the present experimental results for continuous and intermittent sputtering is fair and
legitimates the use of the continuum model as a theoretical framework to understand the
actual physical process that is taking place. Admittedly, the comparison leaves still room
for widening and improvement, largely due to present computational limitations. These
have required in our case to confine the simulations to relatively modest system sizes and
to the neglect of time-dependent noise, conditioning the comparison with the large-scale
properties of the experimental morphologies. Thus, the value of the roughness exponent
or, e.g. large-scale rotated ripple structures as seen in the experiments, all remain to be
systematically accounted for. Quantitatively, it would naturally be desirable to implement
simulations that employ fully-dimensional parameter values, for which there is a dire
scarcity of precise experimental estimates. This becomes particularly relevant for detailed
comparison to intermittent sputtering experiments, where different physical processes like
sputtering and relaxation contribute heterogeneously to a fixed number of (in some cases
common) terms in the evolution equation for the surface height. In view of the huge
parameter space that needs to be explored, this parameter estimation —together with the
implementation of the correct space correlations in the initial condition— seems a worthy

topic for future, perhaps machine-learning inspired [190], computational approaches.

3.4 Conclusions

In summary, we have shown that intermittent sputtering can influence ordering of ripples
on hierarchical surface morphologies. Taking a reference case of Si surfaces sputtered

at 900 eV, which feature the formation of relatively simple disordered ripple morpholo-
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gies, we have addressed lower energy (500 eV) conditions for which individual ripples are
more perfect, at the expense of formation of additional triangular structures. In order to
further improve ripple ordering, an intermittent sputtering approach was followed. This
had a crucial effect on the resulting surface morphology of Si substrates. The samples
were subjected to low energy Ar" ions at oblique incidence for varied fluences. Inter-
mittent sputtering was achieved by varying the time interval of sputtering or the time
interval between two consecutive sputtering events. The wavelength of the ripples varies
from 35 to 45 nm for the conditions studied. For the continuous sputtering case, the
ripples have the best ordering after a sputter time as low as 5 min. For intermittent sput-
tering, well-ordered ripples are achieved for intermediate sputtering or relaxation time
durations. Estimations from AFM images indicate that for an identical total sputtering
duration of 20 min, medium intermittent sputtering intervals also give the largest and
best ordered triangular structures. At larger length scales, all the surfaces produced show
non-negligible height fluctuations that induce well-defined values for the roughness ex-
ponent. These values clearly indicate the occurrence of smoothening at correspondingly
larger length scales when the ion beam remains off for longer durations, i.e., for higher
relaxation time intervals. Moreover, under these conditions, the space correlations of the
surface morphologies saturate at smaller scales than in the case of continuous sputtering.
Our results can be rationalized in terms of known properties of the nonlinear regime of
evolution for surfaces that become amorphous under IBI. Under continuous sputtering
conditions, many of the observed properties (ripple orientation and amplitude saturation,
wavelength coarsening, large-scale disorder, and triangular structures) agree qualitatively
with predictions of the nonlinear Eq. (3.2) and, even more specifically, Eq. (3.6). In turn,
the intermittent IBI experiments show how the system responds to periodic changes in
irradiation conditions, which lend themselves (especially with respect to their morpho-
logical at short to intermediate distances) to fair modeling via numerical simulations of

Eq. (3.6), while their more detailed defect and large-scale behavior remain challening to
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simulations. Comparison with these theoretical models indicates that the observed effects
are generally dominated by transport processes that originate in ion bombardment, with
the induced defect structure seeming to still relax for short time scales even after the beam
has been switched off. This study demonstrates the potential of intermittent sputtering

for tuning the surface evolution of ion-beam nanostructured surfaces.




Chapter 4

Abrupt pattern transitions in argon
ion bombarded swinging Si
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4.1 Introduction

Ton beam irradiation (IBI) has proven itself to be a versatile method to yield nanoscale
patterns on solid surfaces by energetic ion collision [160]. The shape and size of these

periodic height modulations (or nanopatterns) on solid surfaces can be controlled by suit-
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able choice of physical parameters such as incidence ion energy, incident ion angle, ion
flux, fluence (irradiation time), etc. [6,77,83,87]. The underlying mechanism leading to
pattern formation owes its origin to the basic model given by Bradley and Harper [10].
Essentially, it is an outcome of surface instability due to curvature dependent sputter-
ing and a surface diffusive smoothening mechanism which reduces surface tension of the

irradiated surface and is best represented by the equation
Oph = —v,0%h — z/yﬁgh, — BV*h (4.1)

Here, v, and v, are incidence angle dependent effective surface tension coefficients. B
quantifies the relaxation rate due to the surface diffusion. The model successfully pre-
dicted that for an ion incidence angle less (greater) than a critical angle 6, with respect
to the surface normal, the ripple wave vector is parallel (perpendicular) to the projection
of the ion beam. However, this model cannot explain ripple orientations in directions
different from the x and y axes. It also predicts an exponential increase in surface rough-
ness that does not tally with experimental findings. The non-linear variant of the above
equation used to explain ion-induced non-linear effects can qualitatively explain oblique

ripple orientations [191] and is given by

oh=3Y" [—yi O2h + 20.h + Y (a,h)ﬂ + 3 [—/cijafafh— A a,?(ajh)ﬂ . (4.2)
i=x,y 1,J=2,y

Here, €); denotes the x and y dependent coefficient of dispersive terms that contributes

to the Fourier mode velocity in an anisotropic way, A; denotes non-linear effects owing

to the non-conservative surface mass redistribution, K;; signifies ion-induced diffusion

and \;; denotes surface-transport-related nonlinearities that preserve the total amount of

material.

Ion beam patterning has been traditionally done at fixed angles of oblique or normal

incidence, thereby creating nanopatterns of ripples and dots, respectively [99, 124, 173,
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178,185,192]. Rotating the sample about its surface normal keeping the incidence angle
fixed leads to additional effects not envisaged for fixed sample configurations. Zalar et
al. demonstrated that following such a procedure increases the resolution in the case of
depth profile studies [117]. Bradley et al. showed theoretically that the rate at which
the surface roughens or smoothens during sample rotation and the characteristic length
scale of the nanopatterns formed are dependent on the period of rotation [193]. Som and
co-workers suggested that the surface roughness decreases for large rotation speeds when
Si is bombarded with Art ions. Moreover, the lateral size and height of the mounds scale
progressively with fluence [119]. A study by Frost et al. on azimuthally rotating InP

surfaces yielded hexagonally ordered nanodots at glancing incidence [121].

On the other hand, researchers have also attempted unconventional methods, mostly
aimed towards defect minimization of the nanostructures or for creating nanopatterns
having other symmetries. Experiments on Au with two perpendicularly placed Ar™ ion
beams at the azimuth done by Kim et al. showed that square-symmetric patterns of nan-
odots are achievable in the erosive regime [137]. Another experiment based on sequential
ion sputtering by the same group demonstrated that nanobeads can be formed using the
technique [138]. Studies by the same group also prove that patterning a pre-rippled surface
at azimuthally orthogonal directions leads to enhanced non-linear effects (e.g., redeposi-
tion) as compared to an initially flat surface [139]. An experiment on Si using Ar™ ions by
Keller and Frost further demonstrated that defect densities can be reduced by as large as
40% by a suitable choice of sequential ion beam sputtering [173]. A recent work by Kim
et al. explored nanopattern formation on graphite substrates by azimuthally swinging the
substrates during ion beam sputtering [141]. Their study reported that with the swinging
of substrate, composite patterns (wall-like structures) were formed on graphite. These
patterns were believed to have formed due to quasi-2D mass flow and shadowing effect,
two competing mechanisms which rarely work simultaneously during pattern formation.

However, the universality of the effects observed have not been proven on other types of
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material substrates. The types of patterns formed were to a large extent disordered in
terms of their surface topographies and orientations. Moreover, the amorphization process
of the grain structures for graphite in the event of ion bombardment is less understood,
thereby leading to an incomplete understanding of the phenomenon. It is thus evident
from the above studies that several groups are resorting to unconventional methods of ion
patterning of surfaces, which invokes new phenomena not achievable using a single fixed
beam configuration. In spite of all these efforts, a comprehensive understanding of the
physical origins leading to well-ordered patterns of varied geometries and orientations for

a particular ion-target combination still remains elusive.

Keeping the above in mind, in this work we have investigated the evolution of nanos-
tructures and their unconventional characteristics on an azimuthally swinging Si sur-
face for different azimuthal angles and rotation speeds. We first looked at a surface
under static conditions and then compared it with a rotating surface at varying fluences.
The disordered morphology of the rotating samples showed drastic differences with the
static one with respect to the ripple formation characteristics. Next, we studied an az-
imuthally swinging Si surface at identical ion beam parameters but for different values of
azimuth. Results show transitions from hierarchical to ripple morphology via an interme-
diate smoothened (devoid of any nanostructure) surface. Abrupt changes of about 90° in
ripple orientations are also observed for specific azimuthal angles above 100°. Four differ-
ent regimes based on pattern transitions can be identified within the angular variations
studied. The drastic shifts in ripple morphologies and their orientations are believed to
be an outcome of the linear versus non-linear effects of sputtering. These effects define
the different regimes that we observe in our experiments. Finally, we study the structure
formation under similar conditions as above, but for varying rotational speeds. Results
indicate better ordering of nanoripples specifically at lower rotation speeds. 2D slope
distribution analyses of the sample surfaces exhibit formation of asymmetric structures

owing to near-surface 2D mass distributions and curvature-dependent sputtering events
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for this unconventional mode of ion beam patterning. Shadowing is found to play an
important role in the present context. These results enrich our understanding of pattern
formation for swinging geometries and pave a way for further applications with these

alluring patterns by suitably exploiting the ion beam parameter space.

4.2 Experimental Techniques

Commercially available undoped polished Si(100) substrates were cut into pieces of 1 x

2 area and cleaned ultrasonically in ethanol for 20 min. Subsequently, they were

1 cm
rinsed with DI (de-ionised) water and dried in air. The choice of Si was done considering
the fact that the structures formed on such surfaces are better ordered and have been
well studied, both theoretically and experimentally, for conventional beam parameter
conditions. Hence, results obtained for unconventional situations like the present one
would be easy to compare with. Ion beam irradiation (IBI) experiments were carried out
at room temperature in a vacuum chamber fitted with a 4 cm broad beam Kaufman ion
source. The vacuum inside the chamber had a base pressure of 2x 107 Torr. Irradiations
were done with 500 eV Ar™ ions at an incidence angle of 67° with respect to the surface
normal. Each sample was marked at the back with an arrow indicating the ion incidence
direction. This helped to ensure placing the samples identically aligned while doing AFM
measurements. The current density used was 13.3 mA/cm?. The ion fluence was kept
constant at a value of 7.5x 10'? ions/cm? (i.e., sputtering time of 15 mins) for the majority
of the experiments, unless otherwise stated. The sample temperature was found to reach
42° 4+ 1°C during irradiation experiments. To carry out swinging experiments, the sample
holder along with the sample was azimuthally swung by an angle A¢ (i.e., —p — +¢) as
shown in Fig. 4.1. Here, the sample rotates to-and-fro in an oscillatory fashion, in contrast
to a rotating sample where it always rotates in a particular direction (either clockwise
or anti-clockwise). An alternating current (a.c) servo motor controlled the azimuthal

swinging angle and rotational speed (in revolutions per minute (RPM)) of the sample
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Figure 4.1: Schematic view of the swing geometry in azimuth (¢) during IBI. 6 (= 67°) is
the polar angle between the 500 eV Art beam (blue arrow) and the (stationary) surface
normal. The sample azimuthally swings for an angle A¢ (—¢ — +¢) across the incidence
ion beam direction.

Irradiation for a static sample was carried out using the conditions detailed above. For
continuously rotating samples, irradiations were done for 5, 10, 20, 25 and 30 mins at the
current density stated above with a constant rotating speed of 1 RPM (i.e., 6°/s). For the
swing experiments, samples were irradiated using identical conditions as stated above, but
with varying angles of A¢ = 10°,20°,30°,60°, 70°, 80°,90°,100°, 110°, 120°, 180°, 280°and 360°.
A third set of experiments were performed at a fixed A¢ = 70° but with varying rotational
speeds of 2, 4, 6, 8, 10, 12 and 16 RPMs. Experiments were repeated to check for repro-
ducibility on several occasions. For all rotation/swing experiments, the rotation/swing
and the ion beam were turned on simultaneously.

Post irradiation, the samples were characterized ex-situ using Atomic Force Microscopy
(AFM) (MultiMode 8, Bruker, USA) in tapping mode. The radius of the cantilever used
was 10 nm. AFM data was collected from multiple places from the central region of each
sample. After obtaining the topographical images of the irradiated surfaces by AFM,
quantitative information of the nanostructures were obtained from the acquired data
using statistical surface parameters such as wavelength, root-mean-square (rms) roughness

(standard deviation of the heights), 2D slope distribution, 2D FFT and power spectral
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density (PSD) etc. using Gwyddion (version 8.1) [154]. The 1D PSDs are estimated in

the direction of the ripple wave vector as observed in the AFM images.

4.3 Results and discussions

4.3.1 Surface morphology evolution of Si surfaces rotating at 1

RPM

We first carried out experiments on rotating substrates and compared their morphology

with a non-rotating one. This served as a reference for further swinging experiments.
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Figure 4.2: 3 x 3 um? AFM micrographs of 500 eV Ar™ irradiated Si at 67°. (a) Without
rotation with fluence of 7.5 x 10! ions cm~2, and for continuous rotation at fluence values
of (b) 2.5 x 10" ions cm 2, (c) 5 x 10" ions cm 2, (d) 10 x 10" ions cm 2, (e) 1.2 x 10%°
ions cm™2, and (f) 1.5 x 10?° ions cm™2, respectively. Black arrow indicates the initial
direction of the ion beam prior to rotation. Top right insets: 2D FFTs of corresponding
AFM images. Bottom left insets: Corresponding 1x 1 um? AFM images. (g) Plot showing
rms roughness as a variation of irradiation time. (h) 1D PSD obtained from the AFM
images for the irradiated samples.

Figure 4.2 shows 3 x 3 um? AFM images of Si surfaces irradiated at 500 eV at an ion

incident angle of 67° under static and continuously rotating conditions and corresponding

4 Abrupt pattern transitions in argon ion bombarded swinging Si substrates
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1 x 1 um? AFM images provided in Fig. 4.3.
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Figure 4.3: 1 x 1 yum? AFM micrographs of 500 eV Ar™ irradiated Si at 67°. (a) Without
rotation with fluence of 7.5x10' ions cm ™2, and for continuous rotation at fluence values
of (b) 2.5x10" em™2, (c) 5x10" em™2, (d) 10x10' em™2, (e) 1.2x10%* cm™2, and (f)
1.5x10% cm~2, respectively. Black arrow indicates the initial direction of the ion beam
prior to rotation.

The static sample was irradiated for 15 mins while the rotating ones were irradiated
for 5, 10, 20, 25 and 30 mins at a speed of 1 RPM as depicted in the figure. The black
arrow indicates the initial direction of the incident ion beam on the Si surface. This
is considered as the z-axis in all our subsequent discussions, unless stated otherwise.
For a static sample, this is fixed for the entire period of sputtering. For a rotating or
swinging sample, however, the beam is initially aligned in this direction (i.e., at ¢ = 0).
The top right corners in Fig. 4.2 show the 2D FFTs while the bottom left corners show
1 x 1 pm? scans corresponding to the AFM images. For the static sample, parallel-mode
nanoripples are observed to form on the surface, which are fairly ordered as evident from
the satellite peaks of the 2D FFT image (inset of Fig. 4.2(a)). The parallel-mode ori-
entation of the ripples is also ascertained from this image. In addition to the ripples,

the morphology shows superposed triangular structures which make the morphology a
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hierarchical one. This observation is commensurate with previous findings in the litera-
ture [144,164,169,173,175,178,194,195]. It turns out that the sputtering yield is not only
dependent on the second derivatives of surface heights h but also on their third derivatives
920,h as discussed in Ref. [17]. Inclusion of this term in the equation of motion (EOM)
makes the ripples asymmetric and the ripple propagation dispersive, meaning that the
different surface propagating wave vectors (k) travel with different speeds. This disper-
sive effect can be induced by ion-induced plastic flow or viscous relaxation of ion-induced
stresses in the near-surface region. The triangular structure formation at an oblique in-
cidence of the ion beam, theoretically put forward by Bradley and co-workers [175], thus
owes its origin to the dispersion terms leading to raised and depressed triangular regions
traversed by parallel mode ripples. A highly ordered ripple is formed if both dispersion and
transverse smoothening are sufficiently strong. The continuously rotating samples irradi-
ated for different fluences (time durations) show marked distinctions from the static case.
The morphology becomes extremely disordered with emergence of fragmented nanoscale
structures which show a slight ordering exhibited by the elongated 2D FFT insets. Ear-
lier studies [118, 119] have confirmed emergence of similar anisotropic topographies for
substrates rotating at very low rotation speeds. This eventually gives way to mounded
morphologies as the fluence increases. At higher rotation speeds of 1 RPM, mounded
morphologies were obtained in contrast to the current observation. It is worth noting
here that the current density in their case [119] was 21.4 pA/cm™2 which was more than
600 times lower than in the present case (13.3 mA/cm™2). Thus, the two studies indicate
that under continuous rotation at high enough fluences slightly anisotropic morphologies
can be obtained. The surface roughness and 1D PSD of the irradiated samples are shown
in the bottom panel of Fig. 4.2. For the static sample, the roughness and ripple wave-
length are found to be about 5.25 nm and 44 nm, respectively. When the samples rotate,
the roughness decreases and saturates to a value of around 0.6 nm. The absence of any

characteristic peak in the PSD spectra for all the rotating samples corroborates to the
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fact that ripple-like structures are not present in the rotating samples.

An earlier study done by Frost and co-workers [121] on rotating InP surfaces using Ar™*
ions at 500 eV indicates the roughness to scale increasingly with fluence in accordance with
early- or late-time regimes. They had observed mounded structures for these surfaces.
Similar mounded morphology has also been observed for the case of Si at 0.08 and 1
RPMs [196]. This study also exhibited a saturation of surface roughness at higher fluences.
It is to be noted that both these studies were performed at fluences of the order of
10'® — 10'® jons cm 2. For the present case, the fluence lies between 2.5 x 10* — 15 x 1019
ions/cm? corresponding to sputtering durations of 5 — 30 mins at 500 eV. A recent work
by Kim et al. using Ar on Si at 2 keV at a speed of 1.12 RPM showed almost no increase
of roughness with fluence (1.44 x 10'¢ ions/cm? for their case). The saturation of surface
roughness for the present case suggests that the irradiation conditions are in the non-linear
(late-time) regime of sputtering. Moreover, the formation of predominantly disordered
structures for all subsequent fluences bear testimony to this fact. The rotating surfaces
are also devoid of triangular morphologies, which strongly suggest that dispersive terms

(as discussed above) play a non-dominant role in the morphology evolution.

4.3.2 Surface morphology of irradiated Si surfaces swinging by

different azimuthal angles at a speed of 1 RPM

Figure 4.4 shows 3 x 3 um? AFM images of Si surfaces irradiated with increasing values of
the azimuthal angle interval (A¢) starting from A¢ = 0° to A¢ = 360°. For easy reference
and subsequent comparison, the Si surface irradiated under static conditions with beam
parameters as described in Sec. 4.2 is shown. The black arrow in each image signifies the
direction of incident ion beam on the Si surface about which the substrate symmetrically
swings as shown in Fig.4.1. The top right corners in Fig. 4.4 show the 2D FFTs while the
bottom left corners show 1 x 1 um? scans corresponding to the AFM images as shown in

Fig. 4.5. The orientation of the ripples can be confirmed from the 2D FFT images for the
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Figure 4.4: 3 x 3 um? AFM micrographs of 500 eV Ar* irradiated Si at 67° for different
values of swinging angle (A¢): (a) 0°, (b) 10°, (c¢) 20°, (d) 30°, (e) 60°, (f) 70°, (g) 80°, (h)
90°, (i) 100°, (j) 110°, (k) 120°, (1) 180°, (m) 280°, (n) 360°, and (o) continuous rotation,
respectively. Black arrow indicates the initial direction of ion beam prior to rotation. Top
right insets: 2D FFTs of corresponding AFM images. Bottom left insets: Corresponding
1 x 1 yum? AFM images.

respective irradiated surfaces. The hierarchical morphology obtained for the static sample
case (A¢ = 0°) has already been described above. Similar hierarchical morphologies are
also observed for A¢ angles of 10°,20°, 30° 60° and 70° although with a diminishing
indication of well-formed triangular structures. For the azimuthal swing angle of A¢ =
80°, the triangular morphology is completely absent. The 2D FFT images further suggest
that the ripple wavevector is aligned with the starting direction of incident ion beam
(z-axis as described above) on the Si surface about which the substrate symmetrically
swings. Higher swings of azimuthal angles greater than 80° do not show any triangular
morphology. Within the experimental conditions, the ripples almost disappear for A¢p =
90°. At an angle of 100°, a smooth surface is obtained, devoid of any ripples or triangular
morphologies. Furthermore, with increasing swing angle of 110° and 120°, the ripples

start to form, but these are oriented at 45° with respect to the z-axis. A drastic flip in
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Figure 4.5: 1 x 1 ym? AFM micrographs of 500 eV Ar* irradiated Si at 67° for different
values of swinging angle (A¢): (a) 0°, (b) 10°, (c) 20°, (d) 30°, (e) 60°, (f) 70°, (g) 80°, (h)
90°, (i) 100°, (j) 110°, (k) 120°, (1) 180°, (m) 280°, (n) 360°, and (o) continuous rotation,
respectively. Black arrow indicates the initial direction of ion beam prior to rotation.

the ripple orientation by an angle of about 7/2 is observed for a swing angle of 180°. The
ripple orientation again flips by 7/2 for a swing angle of 360°. Thus, at higher azimuthally
swinging angles, small-scale patterns are observed which are not oriented in either z- or
y-direction. These patterns are oriented approximately at 45° with reference to +x and
—x axis. It is to be noted that the ripples formed beyond a swing angle of 100°, in
general, shows less ordering as compared to the ripples formed at lower angles of swing
(i.e. less than 100°). Thus, within the range of the azimuthal angles studied, a minimum
of four regimes can be identified based on the morphological transitions observed. The
first regime which shows a hierarchical morphology spans up to A¢ = 70°. Beyond this,
the second regime exists where only ripples are observed in the absence of triangular
structures. The third regime is identified by a flat morphology at A¢ = 100°. Beyond
this azimuthal angle, there is an onset of the fourth regime which continues till A¢ = 360°.
During this regime, the irradiated surface is marked by disordered ripple structures. It is
to be noted here that the transitions in the ripple orientations have not been taken into

consideration during the demarcation of the above regimes.
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The evolution of these surface topographies are quantified by evaluating the root-
mean-square (rms) roughness, wavelength, and 1D power spectral density (PSD) from
the corresponding AFM images (Figure 4.6). The rms roughness for the static irradiated
sample is about 3.0 nm as evident from Fig. 4.6(a). It is observed that the roughness
decreases drastically as the swing angle increases. The surface has a minimum roughness of
about 0.4 nm at a swing angle of 100° where neither ripples nor triangles are observed. As
the swing angle is further increased, the roughness increases slightly, essentially saturating
to a value of about 0.8 nm. In contrast, the rotating sample has a lower roughness (about

0.7 nm) in comparison to the swinging ones as evident from Fig. 4.6(a).

The ripple wavelengths were estimated from the peaks of the 1D PSD spectra obtained
along the ripple wave vectors from the respective AFM images. The variation of the
wavelengths with respect to the swing angle is shown in Fig. 4.6(b). It is observed that
the wavelength is the highest for the static case having a value of about 42.6 nm. With
increase in swing angle, this gradually decreases (with some fluctuations) to about 35 nm
for A¢p = 90°. The wavelength finally saturates to around 28 nm for higher angles of
swing. Thus, a sharp drop in ripple wavelength is observed beyond A¢ = 100° at which
we observe neither ripples nor triangles (indicated by vertical strips in the figure). The

ripple wavelength obtained for continuous rotations of the sample yields a value of 26 nm.

Figure 4.6(c) shows the 1D PSD spectra obtained along the direction of the ripple wave
vector for the AFM images shown in Fig. 4.4. A sharp peak in the PSD spectra usually
corresponds to better ripple ordering with fewer defects. The structure factor calculated
in the PSD defined as S(q, ) scales as S(q,t) ~ ¢~™ ~ ¢~ **1) under the Family-Vicsek
formalism where « is the roughness exponent [185] and ¢ = 27/l. For simplicity, Fig. 4.7
shows a similar graph with z-axis as ¢ = 1/I. The PSD spectra is divided into two regimes
such as low-q and large-q regime as shown in Fig. 4.6(c). At a low-¢q value, a flat plateau

extends out to a critical wave number ¢, = after which the PSD spectra decreases

27
A’

linearly with a negative slope at a large-¢g value. The slope m of the curves for low-q
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Figure 4.6: Plots showing evolution of (a) rms roughness, (b) wavelength, (¢) 1D PSD
and (d) ripple wave vector direction for different values of swinging angles such as: A¢ =
0°, 10°, 20°, 30°, 60°, 70°, 80°, 90°, 100°, 110°, 120°, 180°, 280°, 360°, and continuous
rotation.

values has been calculated from the log-log plots of

Fig. 4.6(c). The corresponding roughness exponents have been subsequently calculated
using the values of m. It is observed that the PSD spectra fall into four different categories
in terms of their m values. For 0° to 70°, m = 2.1 and o = 0.55; for 80° to 90°, m = 1.4
and o = 0.2; for 100°, m = 1.3 and a = 0.15 for 110° to 360°, m = 0.7 and o = —0.15.
Thus, the surface is rougher at large length scales for lower azimuthal angles below 70°.
Beyond this azimuth, the surface displays a smoother morphology at these length scales.

Fig. 4.8 depicts a comparison of 1D PSD plots for an ordered and disordered surface.
The ion beam tends to hit the ripple walls more obliquely or even the other side of the
ripple walls as we go to higher azimuthal angles. Finally, Fig. 4.6(d) shows the variation
of the ripple wave vector direction with the azimuthal swing angle.

The different regimes observed as discussed above are surmised to have originated
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Figure 4.7: Log-log plot of 1D PSD versus spatial frequency q (extracted from 1D cuts of
AFM images) along the ion beam direction (x-axis). Here q has been taken equal to 1/1
for simplicity

from a chain of events owing to different ion-induced effects. A sharp morphological tran-
sition is observed at 100° beyond which hierarchical surfaces and ripples are observed on
either sides. As discussed above, the emergence of triangular morphology is necessitated
by the dispersion terms in the surface evolution. Non-existence of the hierarchical mor-
phology thus indicates weakness of these dispersion terms as compared to the transverse
smoothening ones. Results imply that as the azimuthal swinging angle is increased, the
effect of incidence ion beam angle on dispersion becomes weak and the smoothening ef-
fect becomes stronger as compared to the dispersion effect. At a critical swinging angle
of A¢p=100°, the smoothening effect overcomes the dispersion effect, thereby rendering
the surface a flat featureless morphology. This morphological character bears testimony
to the fact that all coefficients of the growth equation have attained stability under such
conditions. In a couple of earlier works reported by Madi et al. [70,102], they identified
stable flat regions between two differently oriented nanostructured regions in the control
parameter space of F/ and 6 which was considered to take place via a bifurcation be-

tween the pattern forming and non-pattern forming regions. In the present context, the
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PSD (nm®)

Figure 4.8: Log-log plot of 1D PSD versus spatial frequency ¢ (extracted from 1D cuts
of AFM images) along the ion beam direction (x-axis) for an ordered and a disordered
surface. Inset shows the corresponding AFM images.

control parameter happens to be the azimuthal swing angle (¢). The above studies are
indicative of the fact that such a bifurcation point may exist in the ¢ parameter space
as well. However, establishing this fact necessarily requires an extensive study as done
by the previous ones. Above this critical azimuthal angle, the dispersion term diminishes
even further, making the surface devoid of any triangular structures. The surface even-
tually enters the non-linear regime, as confirmed by the saturation of the rms roughness.
The change in orientation of the ripples at 110°, 180° and 360° is brought about by the
phase difference between the ripple wave vector and the direction of the ion beam owing
to the swinging of the substrate about the initial position of the substrate, which can
leave the system in an unstable mode. In order to incorporate swinging effects the surface
evolution equation should depend temporally in a triangular ramp fashion. According to
a study [191], Eqn. 4.1 predicts existence of cancellation modes that are height Fourier
modes with wave vector in the unstable band for which the non-linear terms cancel each
other. Such a cancellation can leave the system non-linearly unstable and induce ripple

formation. The orientation of ripples, however, would be in an oblique direction, i.e., not
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Figure 4.9: Plot showing evolution of rms roughness of 500 eV Ar* irradiated at § = 67°
for different sputtering times at A¢ = 20°. The dashed red lines are guides to the eye
showing the behaviour of increase of roughness with sputtering time.

parallel to both z— or y— directions. Further, the surface roughness does not saturate
in such a case. For the present situation, however, the surface roughness almost goes
towards saturation although not completely as indicated by Fig. 4.9. Therefore, there is
a very weak possibility that cancellation mode plays a role in this context. Eventually,
with more elapsed time, this effect may die out. Hence, the role of swinging is considered

to be of primary importance for the observed effects.

4.3.3 Effect of swing speed on surface morphology of irradiated

Si surfaces

Consequent to investigating the effect of azimuthal angle on the surface topography of the
irradiated Si surfaces, the effect of swing speed was also studied for the same. Figure 4.10
shows 3 x 3 um? AFM images of Si surfaces irradiated with 500 eV at a fixed azimuthal
angle interval of A¢ = 70° for varying swing speeds. The black arrow indicates the initial
direction of the incident ion beam, as stated above. The top right corners in Fig. 4.10

show the 2D FFTs and corresponding 1 x 1 um? scans shows in Fig. 4.11. The orientation
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Figure 4.10: 3 x 3 um? AFM micrographs of 500 eV Ar* irradiated at 6 = 67° for different
rotational speeds (RPM). (a) 1 RPM, (b) 2 RPM, (c¢) 4 RPM, (d) 6 RPM, (e) 8 RPM,
(f) 10 RPM, (g) 12 RPM, and (h) 16 RPM, respectively. Black arrow indicates the initial
direction of ion beam prior to rotation. Top right insets: 2D FFTs of corresponding AFM
images.

of the ripples can be confirmed from the 2D FFT images for the respective irradiated
surfaces. Hierarchical morphologies consisting of nanoripples and triangles are found for
all swing speeds on the irradiated surfaces. The triangular structures are more apparent
for speeds of 2 RPM and above. At 1 RPM, they are less ordered and are difficult to
notice from AFM images. The 2D FFT images indicate that the ripple wave vectors for
all the swing speeds are aligned in similar direction. The satellite peaks of the 2D FFTs
also indicate the order of the ripples formed. It is seen that the ripples are best formed
at the lowest speed of 1 RPM as confirmed from its narrow satellite peak. As the speed
increases, the ripples gradually lose their order and eventually shows the least order for
16 RPM within the present experimental domain. The blurriness of the satellite peaks of
the 2D FFT (Fig. 4.10) confirm this fact. The surface morphologies were better compared
and quantified using surface topographical parameters of 1D PSD, surface roughness and
ripple wavelength (Figure 4.12). The PSD spectra in Fig. 4.12(a) shows that the peak

shifts towards smaller g-values as the swing speed increases. The PSD corresponding to
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Figure 4.11: 1 x 1 pum? AFM micrographs of 500 eV Ar™ irradiated Si at 67° for different
rotational speeds (RPM). (a) 1 RPM, (b) 2 RPM, (c¢) 4 RPM, (d) 6 RPM, (e) 8 RPM,
(f) 10 RPM, (g) 12 RPM, and (h) 16 RPM, respectively. Black arrow indicates the initial
direction of ion beam prior to rotation.
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Figure 4.12: Plots showing evolution of (a) 1D PSD, (b) rms roughness, and (c) wavelength
for different rotational speeds of 1, 2, 4, 6, 8, 10, 12, 14, and 16 RPMs.

a speed of 1 RPM has the sharpest peak thereby asserting that ripples formed under this
condition has the best ordering. The rms roughness plot shows that the roughness of the
irradiated surface remains within 1.5 to 2.4 nm up to a speed of 14 RPM (AFM image not
shown for brevity). This finally drops to 0.3 nm at 16 RPM. Upon increasing the swing
speed, the wavelength of the ripples increases from 37 nm at 2 RPM to a value of 41 nm
at 16 RPM. The fluctuations observed in the rms roughness and wavelength values can
be attributed to the highly disordered ripples obtained with increase in swinging speeds.

It is important to comment here that in contrast to complete rotation at higher speeds

4 Abrupt pattern transitions in argon ion bombarded swinging Si substrates
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where the odd derivatives in the surface evolution equation (Eqn. 4.1) cancel out [197], all
the terms would survive under a swing configuration, thereby making the scenario a non-
trivial one. In order to investigate pattern formation at fractional speeds, experiments

were carried out at 0.3 and 0.6 RPMs. Figure 4.13 shows 3 x 3 um? AFM images and
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Figure 4.13: 3 x 3 pum? AFM micrographs of 500 eV Ar" irradiated Si at § = 67° for
fractional rotational speeds of (a) 0.3 RPM and (b) 0.6 RPM. Black arrow indicates the
initial direction of ion beam prior to rotation. Top right insets: 2D FFTs of corresponding
AFM images. Bottom left insets: Corresponding 1 x 1 um? AFM images. (c¢) 1D PSD
plots for 0.3, 0.6 and 1 RPM obtained from AFM.

the corresponding PSDs of the resulting surfaces. The black arrow indicates direction as
discussed above. It is clearly observed from the AFM images that ordered nanoripples
are formed even at fractional speeds. Ripples are seen to be formed better at 0.6 RPM
compared to 0.3 RPM as evident from the less spread of satellite peaks of the 2D FFT
inset images. This is further corroborated from the broad PSD peak of 0.3 RPM in
comparison to that at 0.6 RPM as found from the 1D PSD plots (Fig. 4.13) comparing
0.3, 0.6 and 1 RPMs. Out of the above, ripples are probably better formed at 1 RPM as
evident from its sharp 1D PSD peak. However, the rms roughness increases as one goes

to higher speeds.
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Figure 4.14: 2D slope distributions of irradiated surfaces for different azimuthal angles.
The horizontal axis is along ion beam direction and vertical axis is perpendicular to the
ion beam direction. The red arrow indicates the initial direction of the ion beam prior to
swinging.

4.3.4 Effect on local slope distribution

Figure 4.14 shows the 2D slope distributions obtained from the AFM images (Fig. 4.4).
The shapes of the slope distributions indicate the symmetry or asymmetry of the evolved
structures on the irradiated surfaces. It is observed that until a swing angle of about 90°,
the distribution predominantly shows a bimodal behaviour indicating an asymmetry in
the structures. For 100°, a circular distribution is obtained denoting an isotropic surface
that corroborates with the flat topography observed in the corresponding AFM image
(Fig. 4.4(i)). Beyond this azimuth, the distributions indicate an elliptical symmetry aris-
ing out of symmetrical nanoripples formed at these angles. The inclinations of the major

axes of the 2D slope distributions (about 45°) conform to those of the corresponding FFTs
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or the ripple wave vector. Finally, for a complete rotation (Fig. 4.14(0)) the orientation
of the distribution flips by an angle of 90°. In contrast to the geometry of complete ro-
tation where each azimuth is bombarded only once per cycle, in the case of swinging it
is bombarded twice, thus influencing the curvature-dependent sputtering and other mass
redistribution effects in a much more complicated manner.

The above are elucidated through a schematic given in Fig. 4.15. In this figure, the
left panel shows both symmetric and asymmetric AFM images. The middle panel shows
line profiles parallel and perpendicular to the ripple wave vector. The right panel shows
the corresponding 2D slope distributions and the 1D line profile along the major axis

of the slope distribution. For the sake of discussion, the positive  and y directions are
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Figure 4.15: Schematic demonstrating 2d slope distribution for symmetric and asym-
metric nanopatterns. Left panel: Representative AFM images showing symmetric and
asymmetric ripple patterns. Middle panel: Line profiles obtained from AFM images in
parallel and perpendicular directions. Red arrows indicate the incident ion beam. Front
and rear faces are marked with the signs of their respective slopes. Right panel: 2D slope
distributions of the corresponding AFM images. 1D line profiles across the major axis of
the distributions are also shown.

considered as depicted in the diagram (left panel). The red arrows indicate direction of
the incident ion beam with respect to the polar (incident) angle. The slope of the surface

facing the beam is called the front face while the other is termed as the rear face as

marked in the image. The slopes are thus positive for the rear face and negative for the
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front face of ripple patterns. For a symmetric ripple, the slopes on either sides of the peak
(i.e., direction parallel to the ripple wave vector) will have similar values except for the
opposite (4ve or -ve) signs of Oh/dx (h(x,y) being the surface height). This can easily
be understood from the corresponding 2D slope distribution in the right panel. The 1D
line profile along the major axis of the distribution having a single peak reinforces this
fact. An asymmetric ripple, on the other hand, exhibits slopes as represented in the
bottom row of the middle panel of the diagram. This is well represented in the 2D slope
distribution and 1D line profile in the left panel. Existence of more than one peak in the
1D line profile indicates unequal weightages of slope distributions for a surface. Slopes in
the y direction (i.e., 0h/dy) are evenly distributed for both the types of ripples and will
thus have a narrow and symmetric distribution as shown in the middle row of the middle

panel.
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Figure 4.16: 2D slope distributions of irradiated surfaces for A¢ = 70° rotating at different
rotational speeds. The horizontal axis is along the ion beam direction. The red arrow
indicates the initial direction of the ion beam prior to swinging.

Figure 4.16 shows the 2D slope distributions obtained from the AFM images (Fig. 4.10)
for different rotational speeds (1 to 16 RPM) for a fixed azimuth of 70°. Based on the

4 Abrupt pattern transitions in argon ion bombarded swinging Si substrates
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Figure 4.17: 1D line profiles obtained along the major axes of the 2D slope distributions
for 500 eV Ar* irradiated Si surfaces for (a) different swinging angles from 0° to 360°
and (b) different rotational speeds from 1 RPM to 16 RPM at A¢ = 70°. The red arrow
indicates the initial direction of the ion beam prior to swinging.

above discussion, it is evident from the images that the distribution is asymmetric till 10

RPM, beyond which the asymmetricity reduces to a large extent.

For a better insight, line profiles along the ripple wave vectors are extracted from
Fig. 4.14 and 4.16 and plotted in Fig. 4.17. It is evident from Fig. 4.17(a) that up to
an azimuthal angle of 90°, the ripples are asymmetric. At 70°, however, the distribution
depicts a flat symmetric nature, indicating ripples formed with almost identical slopes on
both the front and rear faces. The single narrow symmetric peak at 100° signifies a flat
surface as confirmed from its corresponding AFM image. At higher azimuthal angles, the
ripples grow in a more symmetric fashion. The asymmetry at lower angles is due to the
fact that the beam is initially encountered by the front side of the ripple structures. As
the azimuthal angle increases, the ripple slopes are bombarded from oblique (azimuthal)
incidences with respect to the normal on the ripple slopes (side walls). This amounts
to a large deposition of energy much closer to the surface than for the case of lower or

zero azimuthal angles. As a consequence, phenomena like curvature-dependent sputter-
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ing and ion-induced surface mass-redistribution effects start playing dominant roles at
these conditions. For low azimuthal angles in-depth (bulk) collision cascade events would
dominate for a fixed incident (polar) angle. Thus, at higher azimuths, this essentially
helps in smoothening of the surface as A¢ increases till at 100° when a flat morphology
is obtained. The contribution of the linear dispersion terms towards surface instability
becomes weak as evidenced from the loss of triangular structures. Beyond this point,
the distribution becomes isotropic as noticed from the figure. Now, keeping A¢ fixed at
70° and increasing the swing speeds does not visibly show a change in the AFM images
(Fig. 4.10) but changes the local slopes altogether (as shown in fig. 4.17(b)). For larger
speeds, the ripples become asymmetric with the rear faces yielding predominantly smaller
slopes as the speed increases. This is clear from the shift of the right hand peak towards
lower values. At large speeds of 12 and 16 RPM, the slopes become more symmetric as
seen from the figure. In general, large positive slopes refer to shadowed regions on the
surface. However, in the present context, the situation becomes more complicated due to
the swinging process. At certain angles, these positive slopes do not produce shadowing
whereas other negative sloped regions could induce it. Thus, due to the configuration
of the process, the full understanding of these shadowing processes is not obvious. Most
of the earlier studies have reported variations in slope distributions with increase of ion
fluence or incident angle [196,198-203]. Bimodal distributions are generally observed at
high fluences and incident angles indicating a strong shadowing phenomenon. They also
signify transitions between linear and non-linear regimes of pattern formation. In con-
trast, the present study shows that asymmetric slope distributions can be achieved in
an unconventional sputtering scenario even in the absence of a shadowing phenomenon.
This is primarily driven by near-surface effects rather than the bulk owing to a higher

frequency of bombardment at each azimuth.

4 Abrupt pattern transitions in argon ion bombarded swinging Si substrates
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4.4 Conclusions

In this study, we performed experiments on Ar" irradiated Si surfaces by swinging them
through different azimuthal angles at a fixed ion incidence angle of 67°. In addition,
surface morphologies were also studied for different swing speeds from 1 RPM up to a
maximum of 16 RPM. Based on the nanostructure morphology, four different regimes
were observed for different azimuthal angles which included ripples along with triangular
structures, ripples devoid of triangles, smooth surfaces and disordered rippled topogra-
phies. In addition, in the last regime of disordered ripple morphology, the orientations
of the ripple wave vector exhibited abrupt changes of as large as 45° with respect to the
incident ion direction. The PSD spectra clearly corroborated the presence of the above
four different regimes stated above. Slope calculations reveal that the surface is rougher at
large length scales for lower swing angles. Beyond this, the surface tends to be smoother
at these length scales. The ripple wavelength decreased from 42.6 nm for the static surface
to 28 nm for the swinging surface while the rms roughness was found to decrease from
3.0 nm to 0.4 nm respectively.

For a particular azimuth, the most ordered ripples were formed for the swing speed
of 1 RPM as compared with fractional or higher rotational speeds. On comparing static
and rotating surfaces, we have illustrated that hierarchical structures are obtained from
the former configuration whereas isotropically rough surfaces are obtained for the latter
ones. The roughness however decreases with fluence or higher rotation speeds. The rms

roughness varied from 5.25 to 0.6 nm over this range.

2D and 1D slope distribution calculations were also carried out from the AFM im-
ages. They demonstrated presence of asymmetric ripple patterns on Si surface for smaller
swing angles primarily owing to the ion-induced near-surface 2D mass distribution. Fur-
ther, shadowing is found to play a definitive role in deciding the surface topography in this
unconventional format of ion irradiation. Our results were explained in the light of dis-

persive effects of the propagating wave vectors owing to ion-induced surface phenomena.
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We find that as long as the triangular structures appear owing to the role of dispersive
effects, the ripple direction does not change. Once the dispersive effects disappear, the
ripples change their orientation. Further, the existence of cancellation modes are believed
to have a minimal effect on the ripple characteristics.

We believe, our study sheds light on the evolution of pattern formation in unconven-
tional formats of ion sputtering within the present azimuthal regime and swinging speeds.
The observed results also indicate lacunae within the current surface evolution models
which fail to predict the findings which demonstrate the existence of a plethora of inter-
playing ion-induced effects capable of driving the system into instabilities, hence giving
rise to abrupt transitions. Given that the amorphization process for semiconductors un-
der ion bombardment is better understood than that for graphite (as in reference [141])
in addition to the presence of grain boundaries in the latter, the present results can en-
courage advancement of existing theoretical models for these unconventional geometries.
Thus, apart from the possible applications emanating from the intriguing patterns, these

results augment a better understanding of this unique IBS format.

4 Abrupt pattern transitions in argon ion bombarded swinging Si substrates
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Chapter 5

Prolonged pattern coarsening in ion

irradiated swinging Si substrates
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5.1 Introduction

Periodic pattern formation on material surfaces, more specifically on solid ones, have been
an active area of research during the past few decades [204]. The spatio-temporal patterns

formed in systems away from equilibrium can usually be simulated using a set of linear
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and nonlinear terms in a partial differential equation with stochastic perturbations. Ear-
lier studies by Carter et al. showed the effects of sample rotation upon surface roughening
during oblique incidence ion irradiation [205]. He also demonstrated through consider-
ations of pertinent equations that such formation can be described by the competition
between surface curvature enhanced sputtering erosion and surface atomic diffusion [206].
Morphological transitions on Si irradiated surfaces have also been observed experimen-
tally [119,207]. The resulting pattern, however, is a consequence of instabilities that
dominate the system at short and long time scales. Such instabilities, in addition to
several factors can also be triggered in the presence of impurity gases like C, O, H, etc.
as found in a recent work [208]. The situation can be different at higher energies where
porous or sponge-like surfaces can be obtained owing to the presence of thermal-spikes at
these energies [209]. For the particular case of nanopattern formation on solid surfaces
using low-energy ion beams, continuum approaches are employed to understand micron-
scale pattern formations [6]. Over the years and with subsequent modifications of these
partial differential equations-of-motion (EOM) nanoripple and nanodot formations aris-
ing out of instabilities driven by curvature-dependent sputtering [10], surface diffusion,
ion-induced diffusion [22], viscous flow [6], redeposition effects, etc. could be successfully
explained. A modified form (omitting zeroth, first-order and other terms not contributing

to pattern formation) of the EOM looks like

O = 3 | vy 020+ QudRo,h+ NV (Oh) |+ D0 [<K0202h = AT 2(0;m)?], (5.1)
i=x,y ij=ay
where v, , are incidence angle dependent effective surface tension coefficients, €2; denotes
coefficients of dispersive terms that affect the pattern anisotropically, A; denotes coeffi-
cients for lateral growth and IC signifies surface diffusion effects.
In this context, one can define two regimes of pattern formation, one for shorter time
scales referred to as a linear regime and the other for longer time scales known as the

nonlinear regime [6,17]. In the earlier one, roughness increases exponentially while the
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wavelength remains constant. In the non-linear regime, however, the surface roughness
saturates while the wavelength increases with irradiation time due to the lateral growth
of surface features, generally referred to as ripple coarsening in the literature [188]. Usu-
ally, these two regimes are separated by a crossover time (¢.) [17,210]. Beyond t., the
nonlinear effects responsible for the in-plane ordering of the structures start dominat-
ing the surface morphology, which arise not only due to prolonged sputtering giving rise
to geometrical shadowing but also due to redeposition effects [211]. The latter, based
on a “hydrodynamic” model built on continuum theory shows that redeposition effects
lead to wavelength coarsening while the subsequent saturation of the wavelength and
amplitude are caused by shadowing [212]. Nonlinearities appear beyond the small slope
approximation (| 0h/0r |< 1) when /\§” increases the pattern disorder while )\5]2») in-
duces ripple coarsening in terms of amplitude and wavelength [113,211]. The continuum
approaches employed are responsive to higher order derivatives of the surface height fluc-
tuations h (e.g., 9%h) in addition to the lower order ones that are exploited to understand
micron-scale pattern formations [6]. Consequently, surface defect densities increase in the
nonlinear regime of pattern formation. Thus, in spite of the simplicity of this method to
create surface nanostructures on static or continuously rotating substrates at oblique or
near normal incidences [6], the technique suffers from a drawback of creating undesirable
structural defect densities during the pattern formation process [187], thereby limiting
their applicability in interdisciplinary application areas. Hence, several groups, both the-
oretical and experimental, have endeavoured to minimize these defects using specific ion
beam conditions or by adopting unconventional techniques of ion beam sputtering (IBS).
Ziberi et. al. demonstrated the formation of ordered nanodots at normal and oblique ion
incidence angles with respect to the surface normal by rotating the Si substrate using Ar™*
ions. The degree of ordering and size homogeneity of these nanostructures increases with
erosion time eventually leading to self-organized dots on Si surfaces [99]. A theoretical

work done by Harrison et al. [193] demonstrated that sample rotation can increase the
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characteristic length scale of the patterns and hence minimize surface defects. Frost et
al. [121] showed that rotating InP surfaces when bombarded with Ar* ions yields regular
nanodots with hexagonal symmetry. Grazing incidence Art ion erosion on Pt surfaces
have shown athermal coarsening via mobile defect annihilation [213]. Defect minimization
can also be substantially achieved by rocking the substrate in the polar direction with an
optimal frequency as demonstrated by Jo et al. [144,149]. On the other hand, Kim et
al. [80] in their work proved that sequential ion beam sputtering (SIBS) using oblique and
normal incidences respectively, can produce ordered nanobead patterns on Au using an
Art beam. Such SIBS when done azimuthally can also result in minimizing topological
imperfections by preferential erosion of pattern defects as observed in a study by Keller
et al. [174]. A recent work by Kim et al. [141] on HOPG substrates explored the role of
azimuthal swinging on pattern formation where quasi-2D mass transport along with other
angle-dependent sputtering effects come into play which is not the case for conventional
sputtering conditions. A recent work by the present authors [214] employing an identical
irradiation geometry demonstrated abrupt pattern transitions and hierarchical ordering

on Si surfaces influenced by dispersive effects for varying degrees of azimuthal rotation.

In the light of the linear and nonlinear regimes of sputtering, the above works indicate
that the ordering of the evolved nanostructures will depend on the magnitude of ¢, i.e.,
how short or long is the linear regime. Thus, an effort to modify the linear regime by
altering bombarding conditions/geometries could be an elegant way to achieve nanostruc-
tures with a better ordering. Keeping this in mind, in this work, we investigated the
evolution of nanostructures on an azimuthally swinging Si surface for a particular az-
imuthal swinging angle with increasing ion fluences. This geometry, at suitable incidence
angles, offers a variable shadowing encountered by the sample, which alters continuously
as the beam sweeps in the azimuthal direction. This alters the symmetry/asymmetry
of the surface structures as compared to that for a fixed angle of azimuth, keeping all

other conditions identical. The azimuthal angle preferred in the current set of experi-
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ments were based on our earlier study [214] and has been elucidated in Sec. 5.2. Results
were compared with those irradiated under static conditions. The nanometer scale rip-
ples thus obtained showed a better ordering, as confirmed from atomic force microscopy
and power spectral density analyses. Results showed a slow increase in ripple wavelength
in comparison to those obtained using static geometry. 2D slope distribution analyses
confirmed that the surface structures evolved under swinging were more symmetric in na-
ture. Differential exposure and mass redistribution effects seem to play a key role in the
present geometry. The current results undoubtedly enhance our understanding of pattern
formation under this unconventional configuration, thereby unraveling a new pathway
to control and modify surface nanostructures and their formation regimes for potential

applications [29,64,215-217].

5.2 Materials and Methods

Commercially available undoped polished Si(100) substrates were cut into pieces of 1 x 1
cm? area and cleaned ultrasonically in ethanol for 20 min. They were rinsed with DI
(de-ionized) water and dried in air subsequently prior to loading them in the vacuum
chamber. Ton beam irradiation (IBI) was performed inside a chamber fitted with a 4 cm
broad beam Kaufman ion source. The ion source is a three-gridded system with an in-built
neutralizer. This configuration ensures minimum divergence of the beam up to a distance
of 20 cm beyond which the beam diameter grows progressively [153]. A Si(100) wafer of
27 diameter was placed in between the sample and the metal sample holder to avoid any
metal impurity sputtering. The sample holder was at a distance of 15 cm from the source
in a high vacuum chamber whose base pressure of 2 x 107 Torr using an azimuthally
swung substrate holder as shown in Fig. 5.1. Each sample was marked at the back with
an arrow indicating the ion incidence direction. This helped to ensure placing the samples

identically aligned while doing AFM measurements. The current density used was 13.3

mA /cm?. Two sets of experiments were carried out using the cleaned samples. In the
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Figure 5.1: Schematic showing the swing geometry adapted during IBS. Here, 6 (= 67°)
is the polar angle between the 500 eV Ar™ ion beam (blue arrow) and the surface normal.
The sample azimuthally swings in a span of 20° about the z-axis.

first set, the samples were irradiated by 500 ¢V Art at an incidence polar angle of 67°
with a variation of irradiation time (fluence) from 0.5 min (2.5x10' ions cm™2) to 30 min
(1.5 x 10?° ions cm™2). For the second set of experiments, the sample was swung in the
azimuthal direction by keeping it fixed at a value of A¢ = 20° (—10° to +10°) with a fixed
rotational speed of 1 rpm. This particular azimuth was chosen based upon our previous
study [214] where reasonably ordered ripples were obtained under the above conditions.
An alternating current (a.c.) servo motor was used to control the azimuthal swinging
angle and speed (revolution per second) of the sample holder. During ion irradiation,
the partial pressure of argon (purity~ 99.999%) inside the chamber and ion current were
2.5%107* Torr and 1.3 mA, respectively. The substrate temperature during all irradiations
was found to be around 40°C., thereby nullifying recrystallization of the amorphous layer.

The surface morphology of samples were analyzed ex-situ using Atomic Force Mi-
croscopy (AFM) (MultiMode 8, Bruker, USA) in tapping mode. The radius of curvature
of the cantilever tip used was 10 nm. The vertical height variations of the surface features
were evaluated using root-mean-square (RMS) roughness. 2D Fast Fourier transforms
(FFT) and 1D power spectral densities (PSD) were extracted from the AFM images

using Gwyddion (Ver. 8.1) [154] to further quantify the topographical nature of the
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self-assembled nanostructures. The height power spectral density (PSD) was used to
characterize the irradiated surfaces further. Specifically, the PSD of the surface height
field is defined as [14,179]

PSD(q,t) = (|h(a, t)*). (5.2)

where h(q,t) is the space FFT of the surface height field h(r, t), brackets denote an average
over scans or experiments, and q = (¢, ¢,) is two-dimensional wave vector. We have also

evaluated the 1D PSD of 1D surface profiles along, e.g., the z-direction, namely,

PSD(qz,t) = (|hyo (02, 1) %), (5-3)

where hy,(g,) is the FET of the one-dimensional profile h(x, y) for a fixed y, value. These

two functions are related as [180,218]

PSD (g £) :% / dg, PSD(q, £). (5.4)
0

If a ripple structure exists which is periodic along the x direction, this reflects into the
occurrence of a characteristic peak (local maximum) in the plot of PSD(q,) vs ¢, say at
¢: = ¢*. In such a case, the ripple wavelength is A = 27/¢* while the width of the peak
is inversely correlated with the degree of space order in the morphology [144,182]. 2D
slope distributions were estimated in order to understand the symmetry/asymmetry of

the formed nanostructures.

5.3 Results and discussions

5.3.1 Morphology evolution on static Si surfaces

Experiments were first carried out on static substrates and the results compared with

those of an azimuthally swinging one.
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Figure 5.2: 3 x 3 um? AFM images of static Si surfaces irradiated with 500 eV Ar* ions at
6 = 67° for different values of sputtering time (or fluence) in mins (fluence in units of ions
cm~2) such as: (a) 0.5 (2.5x10%), (b) 1 (5x10'®), (c) 2 (10x10'®), (d) 3 (1.5x10'?), (e)
4 (2x10"), (f) 5 (2.5x10), (g) 7 (3.5x10'), (h) 10 (5x10%), (i) 15 (7.5x10"), (j) 20
(10x10'), (k) 25 (1.2x10%°), and (1) 30 (1.5x10%), respectively. Black arrow indicates
the ion beam direction. Top right insets: FFTs of corresponding AFM images.

Fig. 5.2 depicts 3 x 3 pum?, while Fig. 5.3 shows the corresponding 1 x 1 pm?

scans
AFM topographies of the static Si surfaces bombarded at 500 eV Ar™ ions at an ion

incident angle of 67° corresponding to the irradiation time from 0.5 to 30 mins.

AFM image for the pristine Si surface has been provided in Fig. 5.4 (a) for comparison.
The black arrow in each image indicates the direction of the incident ion beam on the Si
surface. This is considered as the z-axis in all our subsequent discussions. The top right
insets in Fig. 5.2 show the 2D FFTs of the respective AFM images. FEach FFT image
comprises a central bright spot accompanied by at least two side lobes with varying
intensities. The central spot represents the origin (0,0) of the frequency space. The

finite size of the central region indicates low frequency information or large length scale
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Figure 5.3: 1 x 1 um? AFM images of static Si surfaces irradiated with 500 eV Ar* ions
at 6 = 67° for different values of sputtering time (fluence) in mins (in ions cm™2) such as:
(a) 0.5 (2.5x10'), (b) 1 (5x10'®), (c) 2 (10x10'®), (d) 3 (1.5x10"), (e) 4 (2x10'?), (f)
5 (2.5%1019), (g) 7 (3.5x10%), (h) 10 (5x10%), (i) 15 (7.5x10'9), (j) 20 (10x10%), (k)
25 (1.2x10%), and (1) 30 (1.5x10%), respectively. Black arrow indicates the ion beam
direction. Top right insets: FFTs of corresponding AFM images.

periodicities in the AFM image. The orientation and size of the side lobes or satellite
peaks imply the ripple direction and their corresponding wavelengths. 2D FFT for the
pristine Si surface has been provided in Fig. 5.4 (a).

For all the samples, nanoripples are observed to form after irradiation which are ori-
ented along the ion beam direction (known as parallel-mode ripples) as fairly evident
from the satellite peaks of the 2D FFT images. This is in complete agreement with that
found in literature [10]. It is further observed that the sizes and periodicities of ripples
change with ion fluence which can be corroborated from the FFT insets. The brightness
and sharpness of spots in the FFT images give an idea about the ordering of the peri-
odic structures, a sharper spot usually indicating higher order [219]. It is observed from

the AFM images, that nanoripples form as early as 0.5 min, although they are quite ill-
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Figure 5.4: (a) 3 x 3 um? AFM micrograph of pristine Si surface. Top right inset: 2D FFT
(square root of the 2D PSD) corresponding to the AFM images. Bottom left inset: 2D
slope distribution corresponding AFM image. (b) Power spectral density of the pristine
Si surface.

formed at this fluence. Ordering of the ripples improve for 1 min although the FFT shows
faintly formed spots. Upon increasing fluence, well-formed sinusoidal ripple patterns are
observed, as supported by sharp and well-separated first order spots in the FFT images
(Fig. 5.2(c) through (e)). At 1 min, in addition to the ripples, the surface morphology
starts showing triangular structures underneath the ripple morphology also observed from
Fig. 5.3, thereby rendering a hierarchical surface [6,187,210]. These triangular structures
gain prominence with increasing fluence. The nanoripples are best formed at 5 min, as
evident from the extremely sharp spots in the FFT image. Beyond 5 mins, the ripples pro-
gressively show disorder with increasing ion fluence as demonstrated clearly in Fig. 5.2(g)
through (1). This is further confirmed by the blurring and eventual near disappearance of
spots in the 2D FFT spectra. Moreover, the triangular type features start to superimpose
on each other. Thus, the overall surface morphology degrades for higher bombarding

times (fluences).

5.3.2 Morphology evolution on azimuthally swinging Si surfaces

2

Fig. 5.5 shows 3 x 3 um?, while Fig. 5.6 shows the corresponding 1 x 1 pum? scans of

the AFM topographies of Si surfaces bombarded at beam parameters identical with those
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Figure 5.5: 3 x 3 um? AFM images of swinging Si surfaces irradiated with 500 eV Ar+
ions at # = 67°, a total swinging angle of A¢ = 20° and with a variation of sputtering
time (or fluence) in mins (fluence in units of ions cm~2) such as: (a) 0.5 (2.5x10'®), (b)
1 (5x10'%), (c) 2 (10x10™), (d) 3 (1.5x10"9), (e) 4 (2x10'), (f) 5 (2.5x10Y), (g) 7
(3.5x10"), (h) 10 (5x10'), (i) 15 (7.5x10'), (j) 20 (10x10'), (k) 25 (1.2x10%°), and
(1) 30 (1.5x10%°) min, respectively. Black arrow indicates the initial ion beam direction
prior to swing. Top right insets: FETs of corresponding AFM images.

for the static case, but for an oscillating azimuthal angle of A¢ = 20°. The black arrow
indicates the initial (prior to swinging) direction of the incident ion beam on the Si surface
about which the substrate symmetrically swings, as depicted in Fig. 5.1. The AFM images
reveal that, similar to the static case, parallel-mode nanoripples are formed for all fluences
upon irradiation. The inset FFT images substantiate the ripple directionality through the
existence of first order spots in the horizontal direction. Upon comparing the FFTs with
those of the static case, it is evident that ripples are better formed at earlier times for
the azimuthally swinging case, as proven by the distinct spots obtained for 0.5 min. The
ordering of the ripples increases with increasing fluence up to 4 mins of irradiation, where

the sharpest and brightest spots are observed in the FFT spectra. As observed for the case
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Figure 5.6: 1 x 1 um? AFM images of swinging Si surfaces irradiated with 500 eV Ar™
ions at § = 67° for different values of sputtering time (fluence) in mins (in ions cm™2) such
as: (a) 0.5 (2.56x10'), (b) 1 (5x10'), (c) 2 (10x10'), (d) 3 (1.5x10"), (e) 4 (2x10'),
(f) 5 (2.5x10"), (g) 7 (3.5x10'?), (h) 10 (5x10'?), (i) 15 (7.5x10"), (j) 20 (10x10'?),
(k) 25 (1.2x102%°), and (1) 30 (1.5x10%°), respectively. Black arrow indicates the ion beam
direction. Top right insets: FFTs of corresponding AFM images.

of static substrates, hierarchical morphologies are also found to evolve from 1 min. The
triangular structures gain prominence in size as sputtering proceeds. For 5 and 7 mins,
the FF'T shows elongated central and side spots, thereby indicating a larger dispersion of
triangle sizes (in the direction perpendicular to the ion beam) as compared to the rest.
As the irradiation continues, ripples are found to sustain on the eroded surfaces for a
considerable amount of fluence. Thus, it is evident from the above findings that ripples
are formed at an early stage upon varying the azimuthal angle during ion irradiation. For
comparison, the surface topography and description of a Si surface after irradiation for a

full azimuthal rotation can be found in a recent study [214].
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Figure 5.7: Log-log plot of 1D PSD with spatial frequencies calculated from AFM images
along ripple wave vector with increasing sputtering time at ¢ = 67° for (a) static and (b)
azimuthally swinging (A¢ = 20°) substrates.

5.3.3 Spatio-temporal dynamics of statistical topography indi-

cators

Power spectral densities (PSDs) obtained from the AFM topographical images were fur-

ther used to characterize the samples. For 1D (e.g., z-direction), these are defined as [179]
PSD(q,,t) = <’hy0(qm7t)|2> ~ q;(2a+1) ~ (5.5)

where ¢, is the wave vector in the z-direction, hy,(g,) is the FFT of the one-dimensional
profile h(z, yo) for a fixed y, value, a is the roughness scaling exponent used to characterize
the roughness of the saturated interface [14]. If the ripples are periodic in the z-direction,
the PSD spectrum shows a characteristic peak (local maximum) at g, = ¢* (say) in the
plot of PSD(q,) vs ¢,. The ripple wavelength is then given by A = 27 /¢* while the inverse
of the width of the peak gives a measure of order of the surface features [144]. A sharp
peak in the PSD spectra signifies better ordering of ripple patterns. Further, a PSD
spectrum is divided into low-g and high-q regions, as observed in Fig. 5.7.

The PSD for the pristine Si surface has been provided in Fig. 5.4 (b) for comparison.

The full width at half maxima (FWHM) of the peaks indicate a measure of order of
the ripple structures as shown in Fig. 5.8, as discussed above. The sharpest PSD peak
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Figure 5.8: Evolution of pattern disorder FWHM/PSD peak position for 500 eV Ar*

irradiated Si surface for static substrate and azimuthally swinging substrate at A¢ = 0,
respectively.
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Figure 5.9: Normalized 1D line profiles obtained along the major axes of the 2D FFTs for
500 eV Ar™ irradiated Si surfaces for (a) static and (b) azimuthally swinging (A¢ = 20°)
substrates, respectively.

is observed for the 5 min static sample. However, in general, the PSD peaks are broader
for the static samples than the swinging ones. Moreover, the sharpness of the peaks of
PSD spectra for the swinging samples approximately remain the same with increasing ion
fluence.

In order to get a better idea of the ripple ordering, line profiles were drawn along the
horizontal axis of the FFT insets and the normalized profiles with respect to the central
maxima as shown in Fig. 5.10 are shown in Fig. 5.9. It is observed that the side peaks of

the FF'T spectra pertaining to the swinging case are stronger than the static ones, thereby
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(c) ¢ Line profile

Figure 5.10: (a) 3 x 3 pm? AFM micrograph of Si surface. (b) 2D FFT of the AFM
image. (c) Line profile obtained from the 2D FFT along the horizontal direction. Red
arrows indicate that (b) is obtained from (a) and (c) is obtained from (b).

indicating a change in ripple morphology associated with swing. Further, a quantitative
estimate of ripple order can be obtained by plotting 0A/A with the sputtering time as
shown in Fig. 5.11. Here, A is the average wavelength obtained from four measurements
of a particular sample and d is the corresponding standard deviation. Consequently, one
can define a correlation length such that surface features separated by a smaller (longer)
distance than ¢ are statistically correlated (uncorrelated) [182]. It is a measure of the
distance over which the surface heights and properties remain correlated. In a surface
characterized by a large correlation length, adjacent points on the surface exhibit similar
height fluctuations. Conversely, in a surface with a small correlation length, neighboring
points may show different height variations. The correlation length, denoted as &, can be

obtained from the relation £ = 1/q,., where ¢, is derived from the PSD spectra.

The in-plane correlation length of the ripples shows an overall increase for both static

and swinging cases as the fluence increases as dipicted in Fig. 5.12.

The correlation length arises from triangular structures, as evidenced by the PSD of

the short and long wavelength components as shown in Fig. 5.13. The short-wavelength
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Figure 5.11: Evolution of pattern disorder dA/\ for 500 eV Ar™ irradiated Si surfaces for
static substrate and azimuthally swinging substrate at A¢ = 20°, respectively.

200

W static
180 [ —@— Swinging
160 |
140 |
120
100 |
80
60
a0l
20

Correlation length (nm)

0 4 8 12 16 20 24 28 32
Sputtering time (min)

Figure 5.12: Autocorrelation length obtained for Ar" irradiated Si surfaces at 8 = 67° for

different sputtering times, corresponding to static (closed square) and swinging (closed
circle) substrates.

parallel ripples were filtered from the long-wavelength triangular structure components
using an FFT filter method, as illustrated in Fig. 5.16, following the methodology outlined
in a previous study by Engler et al. [220].

The ripple wavelengths (A = 27/¢*) were evaluated from the PSD peaks as elucidated
above. The wavelength variations for the static and the swinging Si substrates are shown
in Fig. 5.14(a) For the static case, an initial coarsening in wavelength was observed from
33 to 46 nm within 7 mins of irradiation. Thereafter, the wavelength decreases and finally
saturates to a value of 36 nm at 30 minutes. For the swinging sample, on the other hand,

the ripple wavelength steadily increases towards saturation from 32 nm (for 0.5 min) to
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Figure 5.13: The plot depicts the PSD spectra of 3 x 3 ym? AFM images, along with
both short and long wavelength components.

44 nm within 30 mins of bombardment. Thus, the wavelength variations reveal different
trends for the static and swinging cases. It appears that for both the cases, the linear
regimes are very short. For the static case, the wavelength remains almost the same until
4 mins which is a clear indication of existence of a linear regime. Furthermore, a rare
occurrence of anti-coarsening is observed for the static case at high fluences (beyond 7

mins).

During the static case, the ripple coarsening exponent 1/z was found to be 0.4 £
0.06 as demonstrated in Fig. 5.15 (a) . For the swinging case however, the wavelength
increases steadily right from the beginning and continues to coarsen until the highest
fluence studied with a coarsening exponent 1/z = 0.134+0.01 as shown in Fig. 5.15(b) .
Thus, a noteworthy difference between the two is that the coarsening rate is considerably
slower for the swinging case. Ripple coarsening has been theoretically demonstrated to
be a fallout of re-depositing atoms on the evolving surface that can be described using
an anisotropic model following a “hydrodynamical” approach and has been observed in
other experimental studies [6,221]. In contrast, anticoarsening has hardly been reported
in IBS literature. A study by Garg et al. [222] done with medium energy 60 keV Ar*

ions on Si showed ripple anticoarsening in the linear regime. While the present study

5 Prolonged pattern coarsening in ion irradiated swinging Si substrates



120 5.3. Results and discussions

—8— Stati
(@ T svinging

[] 5 10 15 20 25 30 35
Sputtering time (min)
4

IS

Static (b) +: Swinging (c)

o
w

Roughness (nm)
~
Roughness (nm)

~

o

°
3
@
N
o

5 0 25 30 [ 5 10 15 20 25 30
Sputtering time (min) Sputtering time (min)

Figure 5.14: (a) Variation of wavelength with irradiation time for the static and swinging
samples. (b) Variation of rms roughness o, the short wavelength rms roughness o, and
the long wavelength rms roughness o; with irradiation time for the static sample. (c¢) The
same calculated for the swinging sample. All irradiations were performed with 500 eV
Art beam at an incidence angle of 67°. For the swinging samples, the total azimuthal
angle was 20°.

has been done at a much lower energy (500 eV), the observed anticoarsening noticed
here occurs in the nonlinear regime, as substantiated by 2D slope distribution analyses
discussed in detail below. Anticoarsening has also been reported recently in a different
context of wavelength selection [223]. Upon careful observation of the AFM images, it can
be seen that the triangular domain sizes drop drastically beyond 7 mins. It is envisaged
that this domain size degradation and the observed anticoarsening can be interconnected
through a complex phenomenon which is not quite evident at present. Coarsening has
been observed by other groups on Si surfaces [185,224]. However, in the work done by
Keller et al., the temperature was less than 180°C while in the present case it is around
40°C. On the other hand, our current density is more than 13 times than what was used
by Chowdhury and co-workers in their study. Hence, temperature and current density
can also have significant influences on ripple coarsening.

The root-mean-square (rms) roughness variation for the static and swinging substrates

are shown in Fig. 5.14(b) and (c). As observed from the AFM images, the morphology
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Figure 5.15: Evolution of wavelength for 500 eV Ar™ irradiated Si surface for (a) static,
and (b) azimuthally swinging substrate. 1/z represents surface roughness exponent.

exhibits hierarchical structures for the majority of the irradiated samples. These triangu-
lar structures were theoretically explained by Bradley and co-workers [175] by considering
dispersive effects during ion irradiation. It turns out that the sputtering yield is not only
dependent on the second derivatives of surface heights h but also on their third deriva-
tives (0?0,h) as reported earlier [175]. The inclusion of the additional linear terms in the
equation of motion (EOM) makes the ripples asymmetric and the ripple propagation dis-
persive, meaning that the different surface propagating wave vectors (k) travel at different
speeds [11]. Such a dispersive effect can be induced by ion-induced plastic flow or viscous
relaxation of ion-induced stresses in the near-surface region where collision-induced stress
originates resulting in amorphization and relaxation via viscous flow [225]. Studies suggest
that highly ordered ripples can be formed if both dispersion and transverse smoothening
are sufficiently strong [175]. In the context of the hierarchical topology obtained, one can

define small- and large-scale roughnesses.

In order to quantify this, the short-wavelength parallel ripple contribution were sep-
arated from the long-wavelength disordered components using an FFT filter method, as
elucidated in Fig. 5.16 following a scheme as laid out in an earlier study [220]. Fig 5.14(b)
and (c) display rms roughness o, short-wavelength (along ion beam direction) rms rough-

ness o,, and long-wavelength rms roughness o; for the static and swinging sample, re-
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Figure 5.16: (a) 3 x 3 yum? AFM micrographs of 500 eV Ar* irradiated Si at 67° for 5
min : (b) 2D FFT of (a). The white circle includes(excludes) the long(short)-wavelength
components of the pattern. (c¢) Topographic image for the short-wavelength component
of (b) obtained using inverse FFT (z scale = 7 nm). and (d) Topographic image for the
long wavelength component of (b) obtained using inverse FFT (z scale = 3.7 nm).

spectively. It is observed that for both the cases, o, is less. Notably, o; grows faster than
os with increasing ion fluence. The main contribution to the RMS roughness primarily

arises from the triangular structures rather than the nanoripples.

Further, results obtained from fractal analyses [226,227] performed on the AFM im-
ages are plotted in Fig. 5.17. The fractal dimensions were obtained by cube counting
method using Gwyddion [154]. For early sputtering times, the fractal dimensions of the
swinging samples are higher than those of the static ones, indicating greater surface height
fluctuations for the former. After about 5 mins, it reduces below that of the static case.
Finally, for the highest fluences studied, the surfaces almost become identical from a
fractal dimensional aspect. 2D local slope distributions which reveal the symmetry or
asymmetry of the evolving surface were obtained from the AFM images [214]. Earlier

studies have indicated that the ripple patterns are symmetric in the linear regime and
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Figure 5.17: Fractal dimensional analyses of samples with increasing sputtering time at
0 = 67° for (a) static and (b) azimuthally swinging (A¢ = 20°) substrates.

become asymmetric in the nonlinear one [196, 198,200, 201,203, 228]. The ensuing eval-
uations were done as shown using a schematic (not to scale) in Fig. 5.18. The topleft
panel shows a typical AFM image. The shaded line profiles in the 2 (horizontal) and y
(vertical) directions are shown in the top right panel. The arrow indicates the direction of
the incoming ion beam. The front and rear faces and their corresponding slopes are also
indicated in the schematic. The bottom left panel gives the 2D slope distribution obtained
from the 3 x 3 pm? AFM image. The bottom right panel provides the corresponding 1D
line profile drawn along the major axis of the 2D slope distribution. For a symmetric
structure, the slopes on either sides of the 1D profile would look the same. For example,
a circular distribution indicates a flat isotropic surface as in the case of pristine Si as
shown in Fig. 5.4. A symmetric elliptical 2D profile usually indicates structures which
have similar slopes on both sides and hence also considered symmetric. Any asymmetry
in the surface structure will result in an asymmetric dumb-bell shaped 2D distribution,
as shown. This eventually would give rise to an asymmetric 1D profile with unequal bi-
modal peaks, as depicted in the schematic. The 2D slope distributions for the static and
the azimuthally swinging samples are shown in Figs. 5.19 and 5.20. 1D line profiles ex-

tracted from these distributions have been plotted separately for the static and swinging
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Figure 5.18: Schematic (not to scale) demonstrating 2D slope distribution estimations.
Top left panel: Representative AFM image showing ripple patterns. Top right panel:
Shaded line profiles obtained from AFM images in parallel and perpendicular directions.
Blue arrows indicate the incident ion beam directions. Front and rear faces are marked
with the signs of their respective slopes. Bottom left panel: 2D slope distribution obtained
from the 3 x 3 um? AFM image. Bottom right panel: 1D line profile across the major axis
of the 2D distribution. Red arrows indicate the image/plot from which the subsequent
image/plot has been derived.

substrate in Fig. 5.21. The contribution of asymmetry in nanopatterns arises from the
dominance of triangular structures rather than ripples, as depicted in Fig. 5.22. For static
samples, with increasing fluence, the amplitude of the structures increases as evident from
Fig. 5.14 (b). In Fig 5.23, line profiles drawn across the AFM images for different fluences
depict an increasing saw-tooth-like morphology with increasing fluence. The nature of the
sawtooth pattern indicates that the slope is primarily influenced by triangular structures
rather than ripples. This is further proven by the fact that similar line profiles plotted
in a scale of 200 nm as shown in Fig. 5.24 demonstrate a symmetric morphology across
various fluences, where shadowing does not seem to occur. Fig. 5.25 shows a schematic
(not to scale) of local and global incidence angles to the sample surface. It is evident from
Figs. 5.21 and Fig 5.23 that asymmetry sets in progressively as sputtering proceeds. The

sputtering yield is a function of the incident ion beam angle. However, the actual local
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Figure 5.19: 2D slope distributions of 1 x 1 um? AFM images of Ar™ irradiated static Si
surfaces at § = 67° have showed for different sputtering times. The horizontal (vertical)
axis is parallel (perpendicular) to the ion beam projection. The red arrow indicates the
initial direction of the ion beam.

sputtering yield varies across the surface due to the modified surface slopes caused due to
a change in the local incidence ion beam angle, which is different from the incident polar
angle [228,229]. Such a scenario gives rise to nonlinear effects which includes shadowing in
extreme cases and redeposition effects as mentioned earlier. The situation changes when
the substrate is swung in the azimuthal direction. Here, the exposure direction changes
continuously and oscillates between two extremities (A¢ = 20°) and therefore is not in a
fixed direction as for the static case. Thus, in effect, the growth of the nanostructures will
be slowed down in comparison to the static case. For a swinging sample, each azimuth
is bombarded twice, which influences the curvature-dependent sputtering and other mass
redistribution effects in a complex manner. Of particular consideration could be the re-

depositing atoms, which have a preferential direction owing to the sputtered flux when
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_Wave vector of ripple

Figure 5.20: 2D slope distributions of 1 x1 ym? AFM images of Ar* irradiated azimuthally
swinging Si surfaces at § = 67° and A¢ = 20° have showed for different sputtering time.
The horizontal (vertical) axis is parallel (perpendicular) to the ion beam projection. The
red arrow indicates the initial direction of the ion beam.

an impinging ion beam hits a surface. For the static case, the sputtered flux and hence
the redepositing atoms will have a preferred directionality in the direction of the fixed
incoming beam. For the swinging sample, however, this too oscillates with the azimuth
(direction of ¢) of the beam. A theoretical model describing the observed findings would
probably need the azimuthal angle to appear in the EOM along with its coefficients in
some form of ¢(¢) thereby accounting for its oscillating nature. Upon observing the line
profiles in Fig. 5.21, it is seen that for the static case, the slope distribution is symmetric
for the initial 30 secs. Asymmetry sets in as early as 1 min of sputtering and continues
until about 7 mins, as evident from the asymmetric nature of the 1D profiles. Beyond
this time, the distribution indicates symmetry owing to symmetrical structures formed
at larger times. This is even more evident from the symmetrical ellipses in the 2D slope

distribution as shown in Fig. 5.19. For the swinging sample, the asymmetry, although
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Figure 5.21: 1D line profiles obtained along the major axes of the 2D slope distributions
for 500 eV Ar™ irradiated Si surfaces for Left panel: (a) static substrate and Right panel:
(b) azimuthally swinging substrate at A¢ = 20°, respectively. The red arrow indicates
the initial direction of the ion beam and slope angle () = tan™'(9h/0x).

present, is of far less intensity than the static one. For example, the large asymmetries
observed for the 5 and 7 mins cases are not observed for any of the swinging samples.
The bimodal distribution of almost equal intensity peaks for the swinging samples cor-
roborate to a far lesser asymmetry within an azimuthal interval (A¢ = 20° for this case).
Fig. 5.21 (plotted with identical y-axes scales) suggest a reduction in overall asymmetry
for the swinging substrates. The overall asymmetricity is also observed in the 2D slope
distributions as illustrated in Fig. 5.20. Finally, it is worth noting that the 2D distri-
butions almost take similar forms at around 30 mins, but with a weaker distribution for
the swinging case. This indicates that the angular slope dispersion is lower for this case,
which is certainly an outcome of the differential exposure effect. A constantly changing
azimuth erodes each point on a surface from all possible directions ranging over A¢. This
can eventually reduce the local surface slope. As an extreme case, it is observed that for
complete rotation a surface normally exhibits a smooth morphology. Thus, it is evident
that the swinging geometry brings in an additional factor of a changing directional expo-

sure and redeposition effects that is inconceivable in the static configuration. In effect,
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Figure 5.22: The plot illustrates the 2D slope corresponding to 3 x 3 um? AFM images,
along with the short and long wavelength components.

this potentially alters the associated regimes during the nanopattern formation process.

5.4 Conclusions

In summary, we performed experiments using 500 eV Ar* species incident at a polar angle
of 67° on Si(100) surfaces which were swinging around the azimuth within an angle of
20° (= A¢) with a speed of 1 rpm. In contrast to alternative configurations explored by
various groups, we believe this offbeat geometry offers better control to alter the nonlin-
ear effects that decide pattern formation regimes. In this study, samples obtained from
this unconventional approach were compared with those for which the azimuthal angle
was kept fixed. Experiments were carried out for a range of fluences of the ion beam.
For both the static and swinging geometries, the morphology exhibited hierarchical archi-
tecture comprising parallel-mode nanoripples and triangular structures. Power spectral
density (PSD) spectra indicate that the width of the peak is narrower for a swinging
substrate compared to a static one. Estimation of the order parameter (§A/\) shows that
ripple ordering is almost similar for the two geometries. Line profiles derived from FFTs

of the AFM images show that the side peaks of the FF'T spectra related to the swinging
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Figure 5.23: Height profiles along the incidence ion beam direction of Ar™ irradiated Si
surfaces at § = 67° shown for different sputtering times for (a) static and (b) azimuthally
swinging substrates.

case are considerably stronger compared to the static ones. This suggests that the swing-
ing motion plays a substantial role in altering the resulting surface morphology. In the
swinging case the coarsening is slowed down but, at the same time, prolonged. Anticoars-
ening was exhibited for the static samples in the nonlinear regime, in contrast to what
has been observed earlier at a much higher energy in the linear regime. The dominance of
coarsening behavior occurs through the redeposition of surface atoms during irradiation.
The anticoarsening observed could be due to the reduction of triangular domain sizes.
The exact mechanisms, however, still remain an open question. The measurements of
short and long wavelength components of the surface structures demonstrate that the
contribution to rms roughness and correlation length originates predominantly from the
triangular structures. The 2D slope distributions and subsequent 1D line profiles de-
rived therefrom reveal that samples bombarded under static configuration develop more
asymmetric surface features in comparison to the swinging samples. This is primarily

dominated by the presence of asymmetric triangular structures on the surface revealed
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Figure 5.24: Height profiles along the incidence ion beam direction of Ar™ irradiated Si
surfaces at # = 67° shown for different sputtering times for (a) static and (b) azimuthally
swinging substrates.

from their sawtooth-like line profiles. The ripples on the other hand demonstrate a sym-
metric morphology as evident from their line profiles. Our results are explained in the
light of near-surface mass redistribution events, sputtered atom re-deposition effects and
differential exposure conditions that come into play when the sample swings between two
extremities (¢ = —10° to 10° in the present study). In contrast, for the static samples, the
former two play a more significant role as established in earlier studies. We believe this
study illumines the spatio-temporal pattern formation benefits of atypical azimuthally

swinging geometry in the domain of IBS by augmenting a better understanding of this

unique IBS format.
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Figure 5.25: Schematic (not to scale) showing global ion beam incidence angle 6 and
local incidence angle ¢. « denotes the local slope positioned between the local and global
normal to the surface. The ripple line profile is a real profile measured from an AFM
image.
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6.1 Introduction

Research on self-organizing nanoscale patterns formed by ions on solid surfaces has be-

come increasingly popular in recent years.
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cantly changes surface morphology depending on physical parameters such as ion flux,
ion species, and angle of incidence ion beam [6,7]. The driving mechanism leading to
pattern formation originates from the basic linear model by Bradley and Harper [10]. In
this model, oblique incident ion bombardment often leads to the formation of periodic
height modulation on the surface of an amorphous solid. The model successfully predicted
that for an ion incidence angle smaller (greater) than a critical angle 6. with respect to
the surface normal, the ripple wave vector is parallel (perpendicular) to the ion beam
projection. Despite this, it is unable to explain the oblique orientation of nanopatterns
under any particular physical conditions. In addition, this model cannot also describe
ripple wavelength coarsening and roughness saturation after a long irradiation time. To
explain this later effect, Makeev, Barbasi, and Cuerno added a nonlinear term in the BH
equation. This nonlinear effect is induced due to the lateral growth of surface features

and other nonlinear effects [17].

From an experimental perspective, IBI has been conducted in two geometrical ways:
static (conventional) and nonstatic (unconventional) [6,7]. Ion bombardment of static
surfaces with ions at oblique (off-normal) incidence is a well studied phenomena which
results in patterns that consist of nanodots or nanoripples [99,124,173,178,185,192]. Af-
terwards, to sculpt intricate surface features, unconventional methods have also been used
through the application of IBI [117,119,121,193]. For example, rotating the sample about
its surface normal by keeping the incidence angle fixed leads to additional effects not en-
visaged for fixed sample configurations. Zalar et al. demonstrated that following such a
procedure increases the resolution in the case of the depth profile studies [117]. Bradley
et al. showed theoretically that the rate at which the surface roughens or smoothens
during sample rotation and the characteristic length scale of the nanopatterns formed is
dependent on the period of rotation [193]. Som and co-workers suggested that the surface
roughness decreases for large rotation speeds. Moreover, the lateral size and height of the

mounds scale progressively with fluence [119]. A study by Frost et al. on azimuthally
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rotating InP surfaces yielded hexagonally ordered nanodots at glancing incidence [121].
Kim et al showed that square-symmetric patterns of nanodots are achievable in the erosive
regime using experiments with two perpendicularly placed ion beams at the azimuth [137].
Another experiment based on sequential ion sputtering by the same group demonstrated
that nanobeads could be formed using such a technique [138]. Studies prove that pattern-
ing a pre-rippled surface at azimuthally orthogonal directions leads to enhanced non-linear
effects (e.g., redeposition) as compared to an initially flat surface [139]. Researchers in re-
cent studies have found that azimuthal swinging of the substrate about the incident angle
of the ion beam leads to additional effects not predicted by following the above meth-
ods. Kim et al. explored nanopatterns formation on graphite substrates by azimuthally
swinging the substrates during ion beam sputtering [141]. This study shows composite
patterns (wall-like structures) exhibit re-entrant reorientation transitions when the sub-
strate swings. These patterns were believed to have formed due to quasi-2D mass flow
and shadowing effect. The types of patterns formed were to a large extent disordered in
terms of their surface topographies and orientations. Rakhi et al. observed four different
regimes upon azimuthally swinging Si surface by different angles at a speed of 1 RPM.
These regimes demonstrated drastic changes in the orientation of the ripple wave vector

at certain angles [214].

Therefore, the surface topography evolution during low energy ion beam irradiation
by using conventional and unconventional is a complex matter. Generation of various
nanostructured surfaces with respect to decreasing defect density is possible via self-
organization along unconventional process for example, nanoripples, nanodots, nanobeads,
and nanoholes. The triangular structures along with nanoscale ripple patterns sponta-
neously form during oblique incidence low energy ion beam [6, 176], low temperature ion
sputtering [177] are observed. It has also been unknown until now what the appropriate
physical parameter space of triangular structures would be using the above unconven-

tional techniques. According to Bradley’s theory and experimental evidence, nanoripples
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are perpendicularly rotated with respect to incident ion beam projections. Nevertheless,
triangular surface features have not been found to be rotated using any physical parame-
ters with conventional and unconventional methods so far. The parallel mode triangular
structures on an amorphous surface are defined in accordance with the incidence angle
of the ion beam by using conventional methods [10]. No focus has still been given on
the orientation of rotated triangular structures riding with ripple patterns experimentally
or theoretically. Solid surface structures are less studied using azimuthal swinging an-
gles. Rakhi et al. demonstrate that these structures obliquely rotate with symmetrically
azimuthal angles at constant angles of incidence of polar ions [214]. Asymmetrically az-
imuthal swinging angles have not been studied for their effect on the surface structure

still.

Based on the aforementioned facts, we investigated the evolution of self-organized
nanostructures and their unconventional characteristics of Si surface produced by oblique
incidence ion beam irradiation at different asymmetric azimuthal swinging angles (AAS).
Symmetric azimuthal swinging (SAS) angles resulted in four distinct regimes of morphol-
ogy, as reported previously by Rakhi et al.. Initially, a hierarchical structure (regime 1)
comprised of ripples and triangles oriented along ion beam direction were obtained which
gave way to only obliquely oriented ripples (regime 2) at A¢ = 80°. A narrow 3rd regime
showed a completely flat surface at 100°. Above this angle, only disordered ripples devoid
of any triangles were obtained up to 360° (regime 4). In addition, we observed the forma-
tion of obliquely rotated triangular structures at certain asymmetrical azimuthal swinging
angles of A¢. First, we looked at a surface under static conditions and then compared it
with symmetric and asymmetrical azimuth swinging surfaces for constant fluences. The
surface morphology of symmetric and asymmetrical azimuth swinging samples showed
drastic differences from the static one with respect to the nanopattern’s oblique orienta-
tion. Results show transitions of ripple wave vector from incidence ion beam direction

via an intermediate smoothened (devoid of any nanostructure) surface. The drastic shifts
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in ripple morphologies and their orientations are believed to be an outcome of the linear
versus non-linear effects of sputtering. The dispersive effect is triggered by an azimuthally
swinging substrate that is either asymmetric or symmetric. In both cases, dispersive ef-
fect disappears at large azimuth swinging angles. For the case of asymmetric azimuthal
swinging geometry, rotation of hierarchical structures were observed in contrast to the
symmetric swinging case. Shadowing effect is also found to play an essential role in the
present context. These results enrich our understanding of pattern formation for swing-
ing geometries and pave a way for further applications with these alluring patterns by

suitably exploiting the ion beam parameter space.

6.2 Experimental Techniques

Commercially available undoped polished Si(100) substrates were cut into pieces of 1 x

1 cm?

area and cleaned ultrasonically in ethanol for 20 min. Subsequently, they were
rinsed with DI (de-ionised) water and dried in air. The choice of Si was done considering
the fact that the structures formed on such surfaces are better ordered and have been
well studied, both theoretically and experimentally, for conventional beam parameter
conditions. Hence, results obtained for unconventional situations like the present one
would be easy to compare. Ion beam irradiation (IBI) experiments were carried out
at room temperature in a vacuum chamber fitted with a 4 cm broad beam Kaufman ion
source. The vacuum inside the chamber had a base pressure of 2x 107 Torr. Irradiations
were done with 500 eV Ar™ ions at an incidence angle of 67° with respect to the surface
normal. Each sample was marked at the back with an arrow indicating the ion incidence
direction. This helped to ensure placing the samples identically aligned while doing AFM

2. The ion fluence was kept

measurements. The current density used was 13.3 mA/cm
constant at a value of 7.5 x 10! ions/cm? (i.e., sputtering time of 15 mins). To carry out
swinging experiments, the sample holder along with the sample was azimuthally swung

by an angle A¢ (i.e., 0— +¢) as shown in Fig. 6.1. Here, the sample rotates to-and-fro in
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an oscillatory fashion along one side of the incident ion beam direction, in contrast to an
azimuthally swung sample to-and-fro in an oscillatory manner along ion beam projection.
An alternating current (a.c) servo motor controlled the azimuthal swinging angle and

rotational speed (in revolutions per minute (RPM)) of the sample holder.

Ar* lon beam z
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Figure 6.1: Schematic view of the swing geometry in azimuth (¢) during IBI. (= 67°) is
the polar angle between the 500 eV Art beam (blue arrow) and the (stationary) surface
normal. The sample azimuthally swings for an angle A¢ (0— +¢) across the incidence
ion beam direction.

In tapping mode, off-normal sputtering samples were characterized ex-situ using Atomic
Force Microscopy (AFM) (MultiMode 8, Bruker, USA). The radius of the cantilever used
was 10 nm. After obtaining the topographical images of the irradiated surfaces by AFM,
quantitative information of the nanostructures were obtained from the acquired data us-
ing statistical surface parameters such as wavelength, root-mean-square (rms) roughness
(standard deviation of the heights), 2D FFT and power spectral density (PSD), etc. using
Gwyddion (version 8.1) [154]. The 1D PSDs are estimated in the direction of the ripple

wave vector as observed in the AFM images.

6.3 Results and discussions

The aim of this work is to study the evolution of the surface morphology during low

energy ion beam sputtering. Several parameters play a crucial role in the formation
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of nanopatterns on surfaces. In the beginning of the first experiment, we measured the
topography on the SAS substrates and compared it with the stationary substrate. Further
azimuthally swinging experiments were conducted using this as a reference. Figure 6.2

demonstrates 3 x 3 ym? AFM images of Si surfaces irradiated at 500 eV at an ion incident
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Figure 6.2: 3 x 3 pm? AFM micrographs of 500 eV Ar™ irradiated Si at 67° with fluence
of 7.5 x 10! ionsxcm™2, and for different value of A¢ such as (a) stationary, (b) 15°, (c)
30°, (d) 45°, (e) 60°, (£) 75°, (g) 90°, (h) 105°, (i) 105°, (j) 135°, (k) 135°, (1) 165°, and
(m) 180°, respectively. Black arrow indicates the initial direction of the ion beam prior to
rotation. Top right insets: 2D FFTs of corresponding AFM images. Bottom left insets:
corresponding 1 x 1 pum? AFM images.

angle of 67° under static and symmetrically azimuth swinging conditions. A static sample
was irradiated for 15 minutes, while SAS samples were also irradiated for 15 minutes
for different azimuth values from 15° to 180°, respectively, at 1 rpm as depicted in the
figure. The black arrow indicates the initial direction of the incident ion beam on the

Si surface. In all cases, unless otherwise stated, this is considered as the z-axis in all
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our subsequent discussions. In static samples, this is fixed throughout the sputtering
period. For azimuthally swinging samples, the beam is initially aligned in the direction
(i.e., at t = 0). The top right corners in Fig. 6.2 show the 2D FFTs while the bottom left
corners show 1 x 1 um? scans corresponding to the AFM images. For the static sample,
parallel-mode nanoripples are observed to form on the surface, which is fairly ordered,
as evident from the satellite peaks of the 2D FFT image (inset of Fig. 6.2(a)). The
orientation of these nanopatterns is also ascertained, as can see from the above images.
In addition to the ripples, the morphology shows superposed triangular structures, making
the morphology hierarchical. This observation is commensurate with previous findings in
the literature [144,164,173,175,178,195]. It turns out that the sputtering yield depends
on the second derivatives of surface heights i and also their third derivatives such as
02h, and 93h as discussed in Ref. [17]. Including these terms in the equation of motion
(EOM) makes the ripples anisotropic asymmetric and the ripple propagation dispersive,
meaning that the different surface propagating wave vectors (k) travel at different speeds.
This dispersive effect can be induced by ion-induced plastic flow or viscous relaxation
of ion-induced stresses in the near-surface region. The triangular structure formation
at an oblique incidence of the ion beam, theoretically put forward by Bradley and co-
workers [175], thus owes its origin to the dispersion terms leading to raised and depressed
triangular regions traversed by parallel mode ripples. A highly ordered ripple is formed
if dispersion and transverse smoothening mechanisms are sufficiently strong [175]. The
SAS samples were irradiated for different values of A¢, showing marked distinctions
from the static one. In the range from 15° to 75°, similar hierarchical morphologies are
observed here. The triangular surface topography is oriented along the incident ion beam
direction, which is fairly evident from the satellite peak of the 2D FFT image [inset of
Fig.6.2]. It turns out that sputtering yield depends on second and third order derivatives
of surface height h up to 75° as discussed in Ref. [17]. With further increase of azimuthal

symmetrical swinging angles from 80° to 90°, triangular morphology entirely vanishes,
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and only nanoripples are formed on Si surface. It is indicated that the dispersive effect
suppresses as the symmetric azimuthal angle increase. The nanoripple orientation is
shown from the first satellite peak of 2D FFT image, which is aligned along the incident
ion beam direction (x axis as described above) on Si surface. The orientation of structured
surfaces is also determined by the anisotropy in the evolution of the surface morphology
naturally determined by the projection of the ion beam incidence. For the symmetric
azimuthal angle between 100° and 105°, the surfaces remain smooth, nearly independent
of incidence ion beam angle and ion energy. At this symmetric azimuthal angle, energy,
and incidence polar angle, the surface is stable against ion beam induced instability.
Furthermore, by increasing the symmetric azimuthal swinging angle from 110° to 180°,
new rotated nanoripple form with a ripple wave vector no longer oriented parallel to the
projection of the ion beam. A drastic flip in the ripple orientation by an angle of about
+7/2 is observed for a swing angle of from 120° - 180°. The small-scale patterns are
observed at higher azimuthal symmetric swing angles, which are not oriented in either
the x or y direction. These patterns are oriented approximately at 45° with reference to
+x to —x axis. It is noted that the ripples formed beyond a symmetric azimuth swinging
angle of 105°, in general, show less ordering as compared to the ripples formed at lower
angles of swing (i.e., less than 100°). In full range of symmetric azimuthally swinging
angles, four regimes can be identified based on the morphological transitions. The first
regime, which shows a hierarchical morphology, spans up to A¢ = 70°. Beyond this, the
second regime exists where ordered nanoripples are observed which are oriented at 45°
from x-axis. The third regime shows smooth surface at 100 — 105° [see in suppl material].
The four regimes is identified by less ordered ripple morphology which continues until
A¢ = 180°. Here, it is shown that the transitions from triangular to ripple structures
formation and changes in ripple orientations for a symmetrically azimuthally swinging Si
substrate. It was also observed in this case that the ripples are only rotating but not the

triangular surface features. Experimentally and theoretically, the change in orientation

6 Rotation of hierarchical surface structures under ion bombarded
asymmetric swinging geometries



142 6.3. Results and discussions

of triangular type surface topography is still not observed using any surface parameters
space.

In addition to examining the effect of symmetric azimuthal swinging angles on the
surface morphology of irradiated Si surfaces, asymmetric azimuth swung angles was also

investigated, as shown in Fig.6.1. Figure 6.3 shows 3 x 3 um? AFM images of Si surfaces
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Figure 6.3: 3 x 3 um? AFM micrographs of 500 eV Ar* irradiated Si at 67° with fluence
of 7.5 x 10" ionsx cm™2, and for different value of A¢ such as (a) stationary, (b) 15°, (c)
30°, (d) 45°, (e) 60°, (f) 75°, (g) 90°, (h) 105°, (i) 120°, (j) 135°, (k) 150°, (1) 165°, and
(m) 180°, respectively. Black arrow indicates the initial direction of the ion beam prior to
rotation. Top right insets: 2D FFTs of corresponding AFM images. Bottom left insets:
corresponding 1 x 1 yum? AFM images.

irradiated at 500 eV at an ion incident angle of 67° under asymmetrically azimuth swinging
conditions. An asymmetrical azimuthal swinging sample is irradiated with ion fluences

(time durations) 7.5 x 10 ions cm™ for a different value of A¢ (0 to +2¢) same as the
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previous one. A marked distinction is shown from the static and symmetric azimuthal
swinging Si surface topography. The black arrow indicates the initial direction of the
incident ion beam direction, as stated above. The top right corners in Fig.6.3 show the
2D FFTs while the bottom left corners show 1 x 1 pum? scans corresponding to the AFM
images. The orientation of the ripples can be confirmed from the 2D FFT images for the
respective irradiated surfaces. For static Si substrate, the hierarchical topography has
already been described above. Similar hierarchical morphology consisting of nanoripples
and triangles are also observed for asymmetrical azimuth swinging A¢ formed from 15°
(0 - 15°) to 75° (0 - 75°). From 0° to 30°, the hierarchical features are oriented along
incident ion beam direction. For a range from 45° to 75°, the triangular type surface
features with a wave vector are no longer oriented along the projection of the ion beam
These are oriented approximately at 45° with respect to the incident ion beam direction
as shown in Fig. 6.3 (b-f). Further, hierarchical structures start to transform into ordered
nanoripples along the previously existing triangular structures as depicted in Fig.6.3 (g).
A representative example of this scenario can be seen from the top right insets: 2D FFTs
of corresponding AFM image. With increasing asymmetric azimuth angle from 105° to
180° as shown in Fig. 6.3 (h-m), only surface anisotropy induced at 45° with respect to
incidence ion beam direction instead of periodic patterns. Further, the 2D FFTs images
suggest that the ripple wave vector is aligned at 45° with respect to the incidence ion beam
projection (x-axis as described above). Within the experimental conditions, the ripples
are higher ordered with increasing asymmetric swing angle at 90°, which is shown by the
satellite peak of corresponding 2D FFT image. 105° — 180°, order of ripples decreased,
it can be seen from the absence of first staellike peak in FFT Images. The orientation
of nanoripples is changed by 45° with respect to —z axis at 180° shown in Fig.6.3 (m).
At a higher azimuthally asymmetric swinging angle, the absence of periodic nanopatterns
could be confirmed by the absence of peaks in 2D FFT images corresponding to AFM

images.
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For the role of AAS angles on evolving surfaces, generally, four regimes could be
distinguished. In the first regime (extending from 0° to 30°) triangles develop on the Si
surface with a wave vector parallel to the incidence ion beam direction. In second regime,
the orientation of triangular types structures changes slowly with increasing A¢ up to 75°.
In this range, the size of triangular structures is changed, the length of triangles increases
and its width perpendicular to the pattern wave vector decreases. Beyond this, the
third regime exists where higher ordered nanoripples are oriented at 45° from the x-axis.
Finally, for AAS angle from 105° to 180°, a decrease in ripple order is observed. In this
regime, some anisotropy is induced in neither x nor y-direction. Similar results for metal
substrates (for conventional geometries) have also been reported, such as Ag(110) [230]
and Cu(110) [134] for elevated temperature. In the case of metals, the wave vector
dependence on the substrate crystallographic directions is also observed for off-normal
ion incidence. The rotation of wave vector for amorphous surface depends on asymmetric
azimuthal swinging angle no role of the crystallographic directions of the substrate, and

at elevated temperature.

The evolution of these topographies is quantified in-depth in terms of root mean square
(rms) roughness, wavelength, and 1D power spectral density (PSD) from the correspond-
ing AFM images as shown in Fig. 6.4. The rms roughness for static substrate is about
5.25 nm as evident from Fig. 6.4 (a). For symmetric swinging Si substrate, the rms de-
creases and saturates, whereas, in case of asymmetric swinging Si substrate, first rms
roughness increase then decrease to a saturated value. The variation of the rms rough-
ness for both cases are approximately same. For increasing symmetrical /asymmetrical
azimuthal swinging angle, the rms roughness of irradiated surfaces decreases and satu-
rate at higher azimuth angles. For asymmetrically azimuthally swinging substrate, the
roughness decreases and saturates to a value of around 0.6 nm. An earlier study done by
Moon and co-workers [141] on azimuthlly swinging graphite surfaces using Ar™ ions at 2

KeV indicate the roughness to scale increasingly for <180° and after that deceased to a
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Figure 6.4: The variation in rms roughness and ripple wavelength with an azimuthal
swinging angle for a fixed § = 67° and fluence 7.5 x 10'? ions/cm?. Top Panels (a-b)
Open circle and (c) PSD for SAS substrates. Bottom panels (a-b) Closed square and (d)
PSD for AAS substrates.

fixed value. They had observed wall like structures for these surfaces. Similar mounded
morphology has also been observed for the case of Si at 0.08 and 1 RPMs [196]. The sat-
uration of surface roughness for the present case suggests that the irradiation conditions
are in the non-linear regime of sputtering. The wavelength or period of the structures is
measured from the first position of peak of PSD spectra [214]. The wavelength changes
non-monotonically with increasing of SAS angles (open circle) whereas for AAS angles
case, it monotonically decreases (closed square) as shown in Fig. 6.4. The absence of any
characteristic peak in the PSD spectra for all the AAS samples corroborate to the fact that
periodic nanopatterns are not present on Si surfaces. For static substrate, ripple wave-
length is 44 nm and it decreases with change in azimuthal angles. Typically, wavelength
for SAS angles between 40 to 33 nm are measured. At 150° — 165°, periodic structures
disappear with residue of directional features. In case of AAS angles, the wavelength is
between 38 and 44 nm. In between 135° — 180°, anisotropic non periodic structures are

observed.
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The dynamic scaling behavior of ion irradiated surfaces have been analyzed by evalu-
ating its one dimensional structure factor. According to the dynamic scaling hypothesis
of Family-Viscek [231], the one dimensional structure factor S(q, t) is given by the relation
S(g,t) ~ g™ ~ ¢q~?*1D) where « is the roughness exponent, it provides a quantitative
measure of the imperfection of the surface morphology [173] and ¢ = 27/l. Figure 6.4(c)-
(d) shows the 1D PSD spectra obtained along the direction of the ripple wave vector
for the AFM images shown in Fig. 6.2-6.3. A sharp peak in the PSD spectra usually
corresponds to better ripple ordering with fewer defects. The PSD spectra is divided into
two regimes such as low-q (small length scale) and large-q (large length scale) regime
as shown in Fig. 6.4(c). At a low-¢ value, a flat plateau extends out to a critical wave
number ¢, = QA—’CT, after which the PSD spectra decreases linearly with a negative slope
at a large-q value. The slope m of the curves for low-q values has been calculated from
the log-log plots of Fig. 6.4(c) and (d). The corresponding roughness exponents have
been subsequently calculated using the values of m. In Fig.6.4 (c) for g<gq., the slope
m of the spectra in this regimes is about -2.1 and 0.8 corresponding roughness exponent
a =0.55+0.01 and o = 0.1 £ 0.02. with increasing SAS angle the ripples coarsen and
the position of the peak is shifting to smaller ¢ values. In Fig.6.4 (d), the slope is - 2.3
and - 1.1, and roughness exponent o = 0.65 + 0.03 and a = 0.05 + 0.01. The nanopat-
terns coarsen and the position of the peak shifting to larger ¢ values. The observed peak
in the PSD spectra in the direction of incident ion beam with the -2.3 slope at small ¢
values indicates the presence of a KS like instability. The lateral correlation length is also
measured from the autocorrelation function at fluence 7.5 x 10" ions/cm? for SAS and
AAS samples as shown in Fig. 6.5. The correlation length is defined as the value of the
distance at which it is decreased the 1/e of its original value. It shows that two surface
heights are significantly are correlated on average if their lateral separation is less than
the lateral correlation length [179]. In Fig.6.5, we observed lateral correlation on the AAS

surface is larger than on the SAS surface.
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Figure 6.5: Autocorrelation length obtained from autocorrelation function for SAS (open
circle) and AAS (closed square) substrates at fluence 7.5x 10 ions/cm? with the variation
of azimuthal swinging angle at § = 67°.

6.4 Conclusions

We have reported a parameter space where induced triangular features on Si surface are
rotated using low energy Ar* ion bombardment with concurrent azimuthally swinging
substrate. According to earlier published work, only ripples whose wavevector is rotated
at oblique incidence # = 67° on SAS Si surfaces with low angular velocity [119,214].
Bradley predicted this type of azimuthal rotation of ripples at low angular speeds [118].
On AAS Si surface, at a fixed angle of incidence 6 = 67°, we have observed rotated trian-
gular structures at 45° to the projection beam within the range from 0° to 180°. At room
temperature, the orientation of surface features on amorphous Si surfaces is independent
of crystallographic directions as opposed to metals as previously mentioned [214]. In sim-
ple words, this orientation of triangular type surface structures is the result of the balance
between the erosion rate and phase lag of the ion beam vector. Here, we want to emphasize
that the oriented triangular surface morphology is observed on amorphous AAS Si(100)
surface at fixed off-normal incidence ion bombardment, while in other cases [134,230] at

the recrystallization temperature, it has been observed only by a balance between erosion
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rates and anisotropic surface diffusion. Our experiment confirms the generality of the
proposed model [12]. Thus, when fixing the incidence angle and ion fluence, the rough-
ness effect shows a strong dependence on the symmetric/asymmetric azimuthal swinging
angles. The effect of azimuthal swinging sample on the roughness evolution was explored,
yielding exciting results. We observed interrupted coarsening of nanostructures with con-
current azimuthal swinging samples. Another novelty of the present work is to provide
experimental evidence of the existence of rotating triangular structures on Si surfaces
under asymmetric swinging conditions. The experiment reported here will be important
for application in the field of ion-beam shaping of surface nanostructures and roughness
engineering. In addition, the theoretical model for completely explaining such surface

transitions still needs to be explored.




Chapter 7

Summary and Future Outlook

7.1 Summary

The central theme of this thesis is the exploration of the dynamic evolution of self-
organized pattern formation on Si(001) by Ar* erosion at low energy (from 100 eV to
1200 eV) using broad-beam ion source. The studies in this thesis focus on exploring sur-
face morphological transitions and reduction in morphological surface defects in terms of
enhancing periodicity of surface structure using unconventional methods during bombard-
ment. The low energy ion beam technique provides large-scale modification on a surface,
which has made this technique unique. In addition to its primary role in surface modi-
fication, this technique also impacts the compositional, optical, electrical, magnetic, and
mechanical properties of surfaces. Overall, the studies, presented in this thesis, demon-
strate the ion beam induced periodic pattern formation under unconventional geometries
for the fundamental understanding of ion-solid interaction and for potential applications.

We have studied the formation of periodic nanostructures on Si(100) surface using low
energy ion bombardment. In this approach, we explored a novel strategy to reduce defects
by employing intermittent ion beam irradiation at varying and constant intermittent ion

fluences. Prior to implementing these conditions, the Si surface was sputtered at 900
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eV, resulting in the formation of relatively simple disordered ripple morphologies. Sub-
sequently, we investigated lower energy conditions (500 eV), which yielded more perfect
individual ripples at the expense of formation of additional triangular structures. In or-
der to further improve ripple ordering, an intermittent sputtering approach was followed.
This method significantly impacts the surface morphology of Si substrates. The samples
were subjected to low energy Art ions at oblique incidence with varying ion fluences.
Intermittent sputtering was achieved by varying the time interval of sputtering or the
time interval between two consecutive sputtering events. The wavelength of the ripples
is well tuned for the conditions studied. For the continuous sputtering case, the ripples
have the best ordering after a sputter time as low as 5 min. For intermittent sputtering,
well-ordered ripples are achieved for intermediate sputtering or relaxation time durations.
Analysis of AFM images suggests that with an identical total sputtering duration of 20
min, medium intermittent sputtering intervals result in the largest and most orderly tri-
angular structures. In continuous sputtering conditions, numerous observed properties,
including ripple orientation, amplitude saturation, wavelength coarsening, large-scale dis-
order, and triangular structures, qualitatively agree with the predictions of the nonlinear
model. More specifically, they correspond closely with simulated results. The intermit-
tent IBI experiments show how the system responds to periodic changes in irradiation
conditions. This research shows how intermittent sputtering can shape the surface de-
velopment of ion-beam nanostructured surfaces, indicating its potential to control their

evolution over time.

Next, we conducted experiments on Si surfaces bombarded by Ar™ ions, rotating them
through various azimuthal angles while maintaining a fixed ion incidence angle of 67°. Fur-
thermore, we examined surface morphologies under different rotation speeds ranging from
1 RPM up to a maximum of 16 RPM. Based on the nanostructure morphology, four dif-
ferent regimes were observed for different azimuthal angles which included ripples along

with triangular structures, ripples devoid of triangles, smooth surfaces and disordered
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rippled topographies. In addition, in the last regime of disordered ripple morphology,
the orientations of the ripple wave vector exhibited abrupt changes of as large as 45°
with respect to the incident ion direction. Slope calculations reveal that the surface is
rougher at large length scales for lower swing angles. Beyond this, the surface tends to be
smoother at these length scales. The ripple wavelength and roughness can tuned along
with swinging surface. For a particular azimuth, the most ordered ripples were formed
for the swing speed of 1 RPM as compared with fractional or higher rotational speeds.
On comparing static and rotating surfaces, we found that the former configuration pro-
duces hierarchical structures, while the latter configuration results in isotropically rough
surfaces. The roughness can adjusted with fluence or higher rotation speeds. Analysis of
the AFM images also included calculations of slope distributions in both two dimensions
(2D) and one dimension (1D). These calculations revealed the existence of asymmetric
ripple patterns on the silicon surface, particularly noticeable for smaller swing angles.
This asymmetry mainly arises from the ion-induced near-surface two-dimensional mass
distribution. We interpret our findings in light of the dispersive effects of the propagat-
ing wave vectors influenced by ion-induced surface phenomena. Our observations suggest
that as long as dispersive effects appear owing to the role of dispersive effects, the rip-
ple direction does not change. However, when these effects diminish, ripple orientation
shifts. Further, the existence of cancellation modes are believed to have a minimal effect
on the ripple characteristics. These findings could motivate the advancement of current

theoretical frameworks for these unconventional geometries.

Continuing our investigation, we explored variations in fluence while maintaining a
constant incidence ion beam angle of § = 67° and a fixed azimuthal angle of A¢ = 20°.
Our study introduces an unconventional geometric setup for ion beam patterning, reveal-
ing a prolonged coarsening of wavelength selection compared to conventional configura-
tions. Furthermore, we observed a rarely documented phenomenon of ripple anticoarsen-

ing in hierarchical morphologies at low energies, a novel discovery in this field. The precise

7 Summary and Future Outlook
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control of surface patterning demonstrated in our study holds significant importance for
various applications in functional materials design, such as anisotropic magnetism, plas-
monics, thermal conductivity, and renewable energy. Moreover, our results highlight gaps
in existing spatio-temporal patterning models, underscoring the need for more robust
models in both conventional and unconventional geometries. The insights provided by
our findings offer valuable information for refining or developing new models. Our study
reveals novel facets in this domain, explaining our findings through a fresh mechanism
that encompasses dynamic shadowing and redeposition events. Additionally, by examin-
ing both linear (including dispersive) and nonlinear aspects of surface growth within the

unconventional geometry, we enhance our understanding of the nanostructuring process.

Lastly, we have identified a parameter space where triangular features induced on a
Si surface can be rotated using low-energy Ar* ion bombardment along with concur-
rent azimuthal swinging of the substrate. Previous studies have primarily focused on
ripples whose wavevectors are rotated under fixed oblique incidence (6 = 67°) on sym-
metric azimuthal swinging (SAS) Si surfaces, with predictions made by Bradley (1996)
regarding such azimuthal rotation at low angular speeds. Our experiments on asymmetric
azimuthal swinging (AAS) Si surfaces, under fixed angle of incidence (6 = 67°), revealed
rotated triangular structures at 45° with respect to the projection beam within the range
from from 0° to 180°. This unique orientation of triangular surface structures on amor-
phous AAS Si(100) surfaces, observed under fixed off-normal incidence ion bombardment,
contrasts with observations in metals where similar features are observed only at recrystal-
lization temperatures, indicating a balance between erosion rates and anisotropic surface
diffusion. Our findings underscore the importance of symmetric/asymmetric azimuthal
swinging angles in influencing roughness effects when incidence angle and ion fluence are
fixed. Specifically, we observed interrupted coarsening of nanostructures with concur-
rent azimuthal swinging samples, highlighting the significance of this dynamic substrate

motion. Additionally, our work provides experimental evidence for the existence of ro-
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tating triangular structures on AAS substrates, although theoretical and experimental
verification of this phenomenon remains unexplored. This experiment holds promise for
applications in ion-beam shaping of surface nanostructures and roughness engineering.
However, further refinement of comprehensive models is needed to fully explain sputter

ripple formation on surfaces.

7.2 Future Outlook

Our research indicates a study utilizing a variety of physical factors and unconventional
methodologies with ion bombardment of solid surfaces. At the present time, several
aspects of the self-organization induced by ion bombardment are not fully answered.
Experimentally, our group is working closely to provide answers to several of the open
questions in this field for future development. We believe our work has been able to
address to a large extent some of the challenges associated with the issue of scale-up
fabrication of unconventional methods using Si (100) substrates using a simple and cost-
effective bottom-up approach. The interaction of Ar" ions and Si (100) surfaces proves
itself to be a promising candidate for surface analysis.

Nonetheless, the following studies can be conducted for further insights and to gain
more understanding. Despite the experimental confirmation of a solid substrate undergo-
ing azimuthal swinging during ion bombardment [214], there remains a gap in theoretical
exploration regarding the structural implications of this phenomenon across various phys-
ical parameters. In our work, we have investigated how the dispersive effect causes the
formation of triangle structures. Further, investigation is required to explore the influ-
ence of metal impurities on the formation of triangular structures using unconventional
techniques. After irradiation, the conductivity of the solid surface has been determined
ex-situ. However, in the future, it would provide more insight to measure the conductivity
of a solid surface in-situ during irradiation. In our work, we have conducted all of our

research without adding any metal impurities. Subsequent investigations may determine

7 Summary and Future Outlook
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the lowest amount of metal impurities needed to generate nanopatterns or nanodots on
the Si surface in response to low-energy argon ion beam radiation. It is essential to de-
termine the wettability of any irradiated solid or soft surface at both normal and oblique

ion incidence after metal deposition.
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