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Summary

The objective of this study was to conduct a systematic study of solid-
state dewetting process of CoPd and CoAu as representatives of miscible and
immiscible alloy systems. Specifically, the objectives were to investigate the
dewetting stages, dewetting kinetics, dewetted particles morphology and
microstructures. We also characterized the magnetic properties of the particles
and explored their potential application as nanowire and nanotube catalysts.

First, we established that CoPd alloy undergoes similar dewetting stages
to elemental materials. We found that interstage transition and particle
morphologies are material-dependent, particularly determined by surface
diffusivity. Equilibrium shape of the dewetted particles are predicted using
Winterbottom construction, and compared with experimental results. Plotting
the area fraction transformed as a function of homologous temperature allows
one to distinguish the effect of crystal structure. Johnson-Mehl-Avrami (JMA)
analysis was employed to extract kinetic parameters of dewetting, namely void
incubation time and dewetting activation energy. It was concluded that void
initiation is governed by surface diffusion.

Next, we investigate the dewetting characteristics of CoAu thin film. We
established that CoAu alloy also undergoes similar stages of dewetting as
elemental materials. We found that interstage transition and dewetting
morphology depend on alloy composition. Three possible scenarios were
proposed to distinguish the dewetting morphologies for different Au/Co
thickness ratio. For CoAu alloy with high Au composition (Au-to-Co volume
ratio > 1.5), Au-rich particles and Co-rich particles are distinguishable and we

are able to predict the interparticle spacings and particle densities. For this
vi



range of composition, we demonstrated the possibility to create clusters of
nanoparticles array without resorting to lithography.

The as-deposited films show the expected in-plane magnetic shape
anisotropy. After annealing, the magnetic behavior of dewetted nanoparticles
show little anisotropy due to low magnetocrystalline and shape anisotropy of
the nearly spherical fcc particles. Exchange interaction between Pd and Co
resulted in an increase in the total Ms. For CoAu system, the hysteresis loops
are similar to Co because Co-Au is an immiscible system and the magnetic
contribution comes solely from Co. The Ms of Co and CoAu nanoparticles
slightly decreased due to post-annealing oxidation.

Finally, we demonstrated a simple technique to fabricate SiO;
nanowires and nanotubes on oxidized Si substrate using CoPd and Pd catalyst
via vapor-liquid-solid (VLS) or vapor-solid-solid (VSS) mechanism without
using external Si source. The growth occurred when the catalysts are annealed
in forming gas which will induce the formation of craters in the oxide layer
and lead to the formation of pits in the Si substrate which supplied Si for the
nanowire growth. We demonstrated that the thermal budget can be reduced by
using CoPd alloy as catalyst compared to Pd. Some of the nanotubes had a
series of embedded sub-catalysts that formed branches from the primary
nanotube, opening the possibility to grow more complex nanostructures. We
also showed that the resulted morphologies depend on the catalyst size, i.e.
smaller catalysts give nanowires and larger catalysts give nanotubes. Based on
this finding, we have fabricated an array of nanowires using interference

lithography patterning technique.
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Chapter 1. Introduction

1.1 Background

Nanostructures started to gain much interest after an inspiring lecture by
Richard Feynman in 1959, where he described the endless potential that might
be realized by manipulating things on a small scale.* Recently, nanoparticle
arrays have received considerable interest due to their potential applications in
various fields such as magnetic recording media,®* medicine,** optics®’ and
catalysis.>*® Alloy nanoparticles in particular are interesting to study because
they often have superior properties, such as higher strength or better corrosion
resistance, compared to their constituents.

There are various ways to obtain nanoparticles either by top-down or
bottom-up approaches. Top down approaches involve various lithography and
etching processes, which offer precision in the location and morphologies of
the nanostructures but suffer from high processing cost. On the other hand,
bottom up approaches are simpler and lower in processing cost but suffer from
lack of precision in location.

Bottom-up synthesis for nanoparticle arrays is usually categorized into
gas (vapor) phase fabrication and liquid phase fabrication. Gas phase
fabrication, such as pyrolysis or inert gas condensation, involves evaporation,
supersaturation, gas-solid surface reaction (nucleation) and grain growth.
Liquid phase fabrication, such as solvothermal reaction, sol-gel, or micellar
structured media, involves liquid-surface reaction, nucleation and grain
growth.

Another bottom-up synthesis of nanoparticles which gains much interest

is dewetting or agglomeration process. In the dewetting process, a heat
1



treatment is applied on a sample coated with a thin film until the thin film
agglomerates forming nanoparticles. This process is simple and applicable to
almost all materials such as polymers and metals.

Various works have been done to study the dewetting process of metal
thin film, both liquid-state dewetting and solid-state dewetting. However, most
of the studies are on dewetting of elemental materials. In particular, for solid-
state dewetting, there is limited literature about the mechanism of alloy metal
dewetting. It is therefore important to conduct a more systematic study on the
mechanism of alloy dewetting in order to gain more understanding of the
factors that determine the microstructure, size, and density of the alloy
nanoparticles and also to explore their potential applications. Cobalt Palladium
(CoPd) and Cobalt Gold (CoAu) films are chosen as examples for miscible
and immiscible systems. These materials have interesting magnetic and
catalytic properties. The subsequent sections will describe general dewetting

process of a thin film.

1.2 Dewetting of Thin Film

Dewetting is a dynamic process which occurs when thin film in a non-
equilibrium state evolves into equilibrium state of one droplet or a set of
droplets. The process of dewetting can generally be divided into three stages:
hole generation, hole growth and hole coalescence. A droplet is usually in the
form of a spherical cap satisfying the Young-Laplace equation in which the
contact angle with the substrate is given by™:

Ys — V1
Yy

cosl =

Equation 1.1
2



where ys is the substrate surface energy per unit area, y; is island-substrate
interface energy per unit area and ys is the island surface energy per unit area.
Complete wetting of the liquid is characterized by 6 = 0, non-wetting case is
characterized by 6 = &, while partial wetting happens when 0 < 6 < = (Figure

1.1).

complete wetting partial wetting non-wetting
Figure 1.1: Sketch of a liquid drop at solid substrate.

There are generally two types of dewetting process of thin film, liquid-
state and solid-state. In liquid-state dewetting, agglomeration can happen on
thin film of polymer or metallic materials. For polymer such as polystyrene,
dewetting occurs when the film is heated above its glass transition
temperature, usually above 100<C.**™® Meanwhile, metal thin film dewets

when it is heated up to above the melting temperature of the material, usually

14-18 19,20

by laser-irradiation or ion-irradiation

A flat film may dewet by hole nucleation or surface instability, each of
which will result in specific dewetting patterns.?* Thiele et al.?* has shown that
for a relatively thick film, dewetting is dominated by hole nucleation process
which is random and hence, the interhole spacing is not correlated with the
perturbation wavelength (not ordered). On the other hand, for a thin film,

dewetting is governed by surface instability where a periodic set of holes is

formed corresponding to the perturbation wavelength and finally evolve into

3



an ordered pattern. The thickness evolution equation is similar to the Cahn-
Hilliard® equation describing the spinodal decomposition process and thus,
surface-instability-dominated dewetting is often termed as spinodal
dewetting.?* Spinodal dewetting has only been observed in very thin films of

liquids or low-viscosity polymers.?*#

Spinodal dewetting can be described by considering the effective
interface potential ¢ which is the sum of steric repulsion, which is a short-term
interaction, and Van der Waals (VdWw) force, which is a long-range
interaction.?* Steric repulsion is due to overlapping electron shells and for two

planar surface, the interaction energy is given by: %

C
¢(h) steric = ﬁ

Equation 1.2

where C is a constant and h is the film thickness. The origin of the VdW force
is dipole-dipole interaction between two bodies® and the strength is
characterized by the Hamaker constant (A), which can be calculated from the
optical properties of the involved materials. The VdW interaction energy is
also dependent on the shape or geometry of the interacting bodies and for two
surfaces (which is most relevant for the study of thin film dewetting

phenomenon) is given by: %

P(M)yaw = BT

Equation 1.3



The summation of Equation 1.2 and Equation 1.3 defines the stability
of thin film as illustrated in Figure 1.2. Line (1) shows a stable film because
energy is required to reduce the film thickness. Line (2) shows an unstable
film where any film thicker than the equilibrium thickness heq, will minimize
its total energy by developing surface undulation leading to dewetting. The
value of heq is usually in order of several nanometers.? Line (3) shows a
metastable system whereby dewetting only occurs when the energy barrier is

overcome.

2 Y
2 (1)
g “&:
S/
£ —
£ (2)
5 V
‘IJ[h,q}—————-
: filmthickness h

h,

Figure 1.2: Sketch of effective interface potential as a function of film
thickness. Line (1) denotes the stable case, line (2) the unstable case and line
(3) the metastable case.”

In contrast to polymer which dewets only above its glass transition
temperature, metal can dewet even at temperature below its melting point, i.e.
solid-state dewetting. Solid-state dewetting is generally carried out by furnace
annealing in which the thin film is heated below its melting temperature.?”
The process is driven by surface energy minimization via surface diffusion

and the material remains in solid state. Various factors can influence the

process of solid-state dewetting such as film thickness, surface self-diffusivity,



and the presence of contaminants. For polycrystalline films, grain size, grain
boundary energies and grain boundary diffusivities should also be
considered.** Depending on the intended applications, solid-state dewetting
can be a more suitable approach than liquid-state dewetting to produce
nanoparticles. For example, for magnetic application, solid-state dewetting is
preferred because it enables the formation of magnetically hard single crystal
nanoparticles, cobalt (Co) and cobalt platinum (CoPt) with L1, structure.’®%
Solid-state dewetting of thin film to fabricate nanoparticles has been
extensively studied especially for elemental materials such as gold (Au), silver
(AQ), platinum (Pt), nickel (Ni) and cobalt (Co). However, studies on the

dewetting mechanisms of alloy materials both in miscible and immiscible

system have not been as extensive.

1.3 Research Objectives
In view of the above review, the research gaps for the current study are
summarized below:

e Solid-state dewetting is a simple yet powerful way to create nanoparticles.
Studies on the dewetting mechanism of elemental materials have been
reported,?”32% but few have been reported on the case of alloy materials.

e Report on the microstucture and properties of alloy nanoparticles resulted
from solid-state dewetting process is also limited.

e Alloy nanoparticles have various potential applications that are yet to be

explored.



The main aims of this study were to conduct a mechanistic study of
solid-state dewetting process of alloy materials. The specific objectives were
to:

e investigate the solid-state dewetting mechanism for CoPd as a miscible
system and conduct microstructural study of the CoPd nanoparticles.

e investigate the solid-state dewetting mechanism for CoAu as an
immiscible system and conduct microstructural study of the CoAu
nanoparticles.

e investigate the possible applications of CoPd and CoAu nanoparticles as

magnetic data storage or as catalysts for nanostructure growth.

1.4 Organization of Thesis

This thesis is divided into eight chapters. Chapter 2 describes the theory
of solid-state dewetting of thin film as reported in the literature. Various
theories that examine the dewetting mechanism for elemental material will be
elaborated. Next, studies of the dewetting mechanism for alloy materials will
be discussed. Influence of templating on the dewetting behavior will also be
examined.

Chapter 3 describes the experimental procedures and characterization
techniques employed in this thesis.

Chapter 4 investigates the dewetting mechanism of CoPd thin film which
is a miscible system. The influence of alloying on the interparticle spacings,
particle sizes, and dewetting rate are presented. Microstructural
characterization on the CoPd films before and after dewetting will also be

conducted.



Chapter 5 investigates the dewetting mechanism of CoAu thin film
which is an immiscible system.

Chapter 6 examines the magnetic properties of CoPd and CoAu
nanoparticles.

Chapter 7 demonstrates the possible application of CoPd as catalysts for
nanowire and nanotube growth.

Finally, Chapter 8 summarizes the thesis and proposes several

recommendations for future work.



Chapter 2. Literature Review:

Solid-State Dewetting of Thin Film

2.1 Introduction

Dewetting of thin film has recently emerged as an attractive method to
fabricate various metal nanoparticles, especially because it is simple and low
cost. Dewetting occurs via diffusion to minimize surface energy and interface
energy between film and substrate and can occur even in the solid state at
temperature below the melting point of the metal thin film.>

This chapter will discuss the theory behind solid-state dewetting of metal
thin film. Two different types of solid-state dewetting will be elaborated. The
first one is dewetting of elemental material, where a thin film is deposited on
top of diffusion barrier on Si substrate. The mechanism of dewetting which
includes hole nucleation, hole growth, formation of interconnected islands,
islands coarsening, particles morphologies and dewetting rate will be
discussed. How topography or patterned film affects the dewetting behavior
will also be discussed. Finally, dewetting of alloy material which can further

be divided into miscible alloy and immiscible alloy will be reviewed.

2.2 Dewetting of Elemental Material

It has been shown that elemental materials undergo specific stages
during the dewetting process®*®. Muller and Spolenak®® have also found that
miscible AuPt alloy film undergoes specific stages similar to elemental
materials namely hole nucleation, hole growth and particle formation. In this

section, mechanisms of solid-state dewetting of elemental material will be



presented based on hole nucleation, hole growth. interconnected islands,

isolated islands, island coarsening and particle formation.

2.2.1 Hole Nucleation
An infinite defect-free thin film with all surface properties independent
of orientation is stable against small perturbations, as long as the amplitude of

31,37

the perturbation is smaller than the film thickness® ', as illustrated in Figure

2.1. The perturbation z can be described by Fourier components as follows,

z(x,t) = A(t)sin (2%)

Equation 2.1
with

4

2T
A(t) = A(0)e (D) ¢
Equation 2.2

where B® is a kinetic and material coefficient and A is the perturbation
wavelength. Equation 2.2 implies that any small perturbation will decay, with
higher decay rate for shorter wavelength due to the 1/A dependence. The
defect-free thin film will only start to agglomerate if the perturbation spans the

film thickness and expose the substrate.

Figure 2.1: Stability of defect-free thin film.
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(c)

Figure 2.2: (a),(b) Two- and three-dimensional representations of grain
boundary grooving. (c) Hole growth once the substrate is exposed.*®

Mullins®* calculated the depth d of grain boundary groove for
evaporation-condensation and surface diffusion cases. For the case of

evaporation-condensation,

1
d = 1.13 tanf(at)2
Equation 2.3

While, for the case of surface diffusion,

1
d = 0.973 tanf (ft)*
Equation 2.4

1 1 .
where a = poy*/(2nMy)z(kT)2 , B = D5y Fv/kT , po is the vapor
pressure in equilibrium with a plane surface, vys is the surface-free energy per
unit area, Q is the molecular volume and M,y is the molecular weight, Ds is the

coefficient of surface diffusion and v is the number of atoms per unit area.
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Thus, Mullins showed that for both cases, d increases in time t. This implies
that the groove can continue to deepen up to infinity in infinite time.

Srolovitz and Safran®, however, showed that in realistic microstructures
composed of interconnecting grain boundaries which interact with each other
via surface diffusion, grain boundary groove has a finite maximum depth even
if it is annealed in infinite duration. Figure 2.3 illustrates grains in the shape
of a circular base with grain diameter 2R and a spherical cap which intersects
the grain boundary at an angle 6. The film thickness is h and the equilibrium
groove depth, measured with respect to the flat film, is d. Equilibrium film
depth can be written as,

2 — 3cosf + cos30
3sin30

d=R
Equation 2.5

For the groove to intercept the substrate, the groove depth d must be larger

than the film thickness h.

S, -
e pu——

Figure 2.3. The equilibrium grain boundary groove configuration for a
circular cross-section grain.*°

However, not all holes can form due to energetic cost related to
increasing surface area associated with the hole walls. For the hole to form, K

should be larger than 14.5, with K given as:

12



R Yi
e 6
h Vs
Equation 2.6

where v;, vs, and y; are connected through the Young-Laplace equation as given

in Equation 1.1.

Srolovitz and Safran*® also showed that in the case of 3D thin films, the
depth of holes at grain boundary triple junction, where three planar grain
boundaries meet, will generally be larger than the groove depth between two
grain boundaries. Thus, holes are most likely to be initiated at the triple

junctions.

2.2.2 Hole Growth

The studies from both Mullins® and Srolovitz and Safran®® have given
good understanding of how the hole is initiated. Once the holes have formed,
capillary energies will drive hole growth via edge retraction to minimize
surface energy and the shape of the edge will further evolve until islands are
formed. Figure 2.4 shows an edge retraction process of an initial hole edge
with a sharp corner. As illustrated in Figure 2.4a, material is transported from
the corner by surface self-diffusion, which is generally accepted as the
dominant transport mechanism in solid-state dewetting,** with a flux J from
the edge to the flat area ahead of the edge. This flux is driven by curvature
difference between the edge and the flat area. However, as the curvature
gradually decreases, flux divergence occurs resulting in accumulation of mass
at the edge, i.e. rim formation. Assuming isotropic energies, the flux J can be

described as, 2%
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_ DsVstQ)
/= ( A

where Ns is the number of surface atoms per area, k is the local surface

Equation 2.7

curvature, and other variables have been defined earlier.

Figure 2.4: (a) Cross-sectional view of a retracting edge of a film, (b) rim
thickening, (c) Deepening of the valley ahead of the rim, (d) pinch-off.*

The kinetics of the thin film surface evolution is described in term of the

normal velocity of the surface V, as,*®

Equation 2.8

where h is the thin film profile. Srolovitz and Safran** solved this equation
numerically and obtain the film profile as shown in Figure 2.5. It can be seen
that oscillation develops ahead of the rim, forming a valley in the vicinity of
the rim, with amplitude diminished away from the rim. The depth of the valley
increases as the edge retracts leading to pinch-off resulting in ridge detached

from the film (Figure 2.4b-d).
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Figure 2.5: (a) The numerically calculated normalized film profile 7 vs. the
normalized distance along the substrate axis. (b) A schematic view of the
unscaled film profile.*

In some cases, the shapes of the holes in the dewetted film can deviate
from circular into fractal-like where the rims of the holes fragmented into
fingers.**** Figure 2.6 shows a comparison between circular and fractal holes.
Gadkari et al.*? argued that fractal morphology is associated with the amount
of compressive stress in the film. At low deposition pressure, the film has high
compressive stress and can develop blisters, which subsequently serve as
nucleation sites for fractal growth. At high deposition pressure, the film stress
is reduced and circular hole growth results. This implies that fractal
morphologies occur only as a consequence of blistering.

Jiran and Thompson®® have shown that the fractal growth is rather
caused by a Rayleigh-like instability in the thickening rim. It was
demonstrated that when a patterned Au film is annealed, the edge will retract
accompanied by mass accumulation at the rim via surface diffusion. The edge
retraction rate decreases with time due to reduced surface curvature gradient

as the rim becomes thicker, following the theoretical formulation by Brandon
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and Bradshaw®. However, as the rim becomes thicker, instability may
develop where part of the rim is thicker than the other. Consequently, the void
propagates faster through the thinnest area of the film, resulting in fractal hole
morphology or what they termed as fingering instability. The void growth rate
was found to be time-independent and inversely proportional to h®, according
to

ZDSv_Qnyv
nkTh3

Vp =

Equation 2.9

Figure 2.6: (a) Circular holes developed from 50-nm Au deposited at
20mTorr. (b) Fractal-like holes developed from 20-nm Au deposited at
4mTorr. Annealing conditions are 450C, 30 minutes, Ar + 3% H;
atmosphere.*?

Wong et al.*®

conducted a 2D analysis of edge retraction of a semi-
infinite uniform thin film on a substrate. Assuming isotropic surface energy
and surface diffusion as dominant mechanisms, by solving Equation 2.8
numerically, they demonstrated that retracting edge forms a thickened ridge
followed by a valley which sinks with time. When the valley hits the substrate,
the ridge detaches from the film. The new film edge will retract again to repeat
the mass shedding cycle. The edge retraction speed is constant over several

shedding cycles. Although this 2D analysis cannot describe fingering

instability, but the predicted retraction speed was shown to agree
16



quantitatively with Jiran and Thompson’s work which observed a constant
breakup speed of the annealed Au film to form isolated islands.
The relationship between the dimensionless speed v" of Wong et al.’s

work and the dimensional speed v;, of Jiran and Thompson’s work is given by:

_ BV’
=3

VUn

Equation 2.10

Kan and Wong®® further carried out 3D analysis of this 2D film profile

and showed that the edge breakdown occurs through fingering instability.
They showed that growth rate of the perturbation depends on the edge
retraction speed and the wavelength of the perturbation, and that perturbations
with long wavelength are unstable. The analysis predicts that the wavelength
of perturbation with the highest growth rate determines the distance between

adjacent fingers by the following relationship,

Equation 2.11
where kn is the wavenumber for maximum wavelength. The calculated
wavelength agrees well with the distance between adjacent fingers in Jiran and
Thompson’s work.

Similar phenomenon is also observed in single-cyrstal film, such as in

4749 or single crystal Ni film®°. In single crystal film,

silicon-on-insulator (SOI)
faceting determines the initial shape of the holes. In (001) SOI thin film,
agglomeration is initiated by square-shaped holes with the rims surrounding
the holes forming 90° contact angle with the SiO, substrate and aligned along

[110] and [110] directions.”® High local surface curvature at the edge causes
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the material to flow away from the edge towards zero-surface-curvature flat
region resulting in thickened rims. However, the material accumulation is less
in the corner, possibly because at the corners, material can diffuse away in
range of directions whereas at the edges, material can only diffuse normal to
the edges.®! This results in faster retraction rate at corners than along the edges
and transforms the shape of the hole from square or rectangular to polygonal.

This sequential process is shown in Figure 2.7.

)
|

Figure 2.7: Sequence of AFM images documenting the different stages of the
evolution of the surface of an SOl sample annealed at 800<C. (a) Initial stage:
square window with thickened rims. Scale bar: 0.5 um. (b) Formation of
faceted Si aggregates at the center of the rims. Scale bar: 1.0 um. (c)
Branching and coalescence of the openings, and hierarchy of Si aggregates.
Scale bar: 2.0 um.*®

Figure 2.8: (a) Typical AFM image taken on a partially agglomerated 7-nm-
thick (001) SOI layer (unpatterned) and (b) magnified image taken on the
region surrounded by the white line in (a).*’
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The thickened rims may separate from the film through pinch-off
process and form spheres due to Rayleigh instability. Locally thinner regions
could also form along the edge resulting in fingering morphology due to faster

material diffusion from these regions, as shown in Figure 2.8.

2.2.3 Interconnected Islands and Island Formation

The detached ridge forms a cylindrical strand with radius scaling with
film thickness®, as illustrated in Figure 2.4d. Many cylindrical strands will
form during the dewetting process creating interconnected islands. This strand
is subject to Rayleigh instability®* and is unstable to any perturbation of
wavelength greater than 2xr; where r¢ is the radius of the cylinder. The strand
will then disintegrate into islands to minimize surface to volume ratio. The

morphology evolution during the dewetting process can be seen in Figure 2.9.

no treatment 800°C 30s

Figure 2.9: Morphology evolution of 7 nm Platinum thin film during
annealing at 800<C: (a) before annealing, (b) hole formation, (c)
interconnected islands, (d) isolated islands.*

Jiran and Thompson*® observed that in patterned polycrystalline Au
strips, the rims fragmented into fingers as well. Figure 2.10 shows the
transformation of the Au strips into islands through fingering instability. As
illustrated in Figure 2.4, the retracting edge is thicker than the rest of the film.
However, Jiran and Thompson observed that the material accumulation at the

19



rim is not evenly distributed. The thinner area will retract faster than the
thicker area resulting in finger-like structure. The fingering process is shown
schematically in Figure 2.11. The resulting fingers will then disintegrate

further into islands as a consequence of Rayleigh instability.

Figure 2.10: The Au strips tansformation () before annealing, (b) partially
agglomerated, and (c) fully agglomerated. Dark area shows Au.**
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Figure 2.11: Schematic diagram of rim instability. (a) The rim thickens as it
recedes and slows down. (b) Perturbation develops in the rim, the thinner part
retracts faster than the rest. (c) A series of perturbations in the rim. (d) A series
of fingers that form. (e). The fingers lower their surface area by rounding off
and thickening. (f). The fingers detach into a series of beads.*
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2.2.4 Coarsening

After extended annealing, coarsening might occur in which the particle
size increases and particle density reduces. Figure 2.12 shows coarsening
process of thin Ni film after vacuum annealing at 500<C for 2 hours. The
coarsening process generally occur via two different mechanisms, Ostwald
ripening and Smoluchowski ripening.®® The two mechanisms are illustrated in

Figure 2.13.

(@) (b)
Figure 2.12: AFM micrographs of a 4.0 nm thick Ni films during different
stages of dewetting: (a) before and (b) after coarsening.*

In Smoluchowski ripening, the whole islands migrate on the surface and
collide with each other resulting in coalescence. This requires sufficiently high
adatoms mobility. Smaller islands generally have higher mobility than larger
islands.>

In Ostwald ripening, larger particles grow in the expense of shrinking the
smaller particles. Large particles, which have lower surface to volume ratio,
are energetically more stable. Meanwhile, adatoms on the surface of the
smaller particles tend to diffuse to the environment of large particles via

evaporation-condensation mechanism causing the large particle to grow.
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Figure 2.13: (a) Smoluchowski ripening mechanism and (b) Ostwald ripening
mechanism.*

2.2.5 Particle Formation

After the islands coarsen, they will further evolve into energetically
favored shape. The equilibrium shape of a crystal is determined by the energy
minima in the Wulff plot.>* Wulff plot shows polar representation of surface
energies. An example of Wulff plot is given in Figure 2.14. The inner
envelope of all Wulff planes determines the equilibrium shape of the crystal.
Particle with anisotropic surface energy will exhibit strong faceting while the

particle with isotropic surface energy will exhibit more spherical shape.

(001}

A Wulif plape - [ ¥ plot @

(1) (b)

(110)

Equilibrium
shape

fa)

Figure 2.14: (a) An example of a Wulff plot of an fcc crystal. (b) The
equilibrium shape in three dimensions.**
23



The WAulff construction, however, only applies for free-standing
particles. For particles in contact with a substrate, one most consider a
modified WuIlff construction, familiarly known as a Winterbottom
construction. In this approach, two additional vectors are factored in into the
equilibrium shape construction, namely the particle-substrate interfacial
energy (ysp) and the surface energy of the substrate (ysv), as shown in Figure
2.15. Adhesive interaction between particle and substrate is therefore expected
to play a role. The inner envelope (the rectangular shape in Figure 2.15)
represents the equilibrium shape of the particle. Figure 2.16 shows faceted Au

particles and more spherical Co particles after dewetting.

Figure 2.15: Winterbottom plot for a 2D solid with cubic symmetry.>® ypy is
the surface energy of the particle, ysp iS the particle-substrate interfacial
energy, and ysy IS the surface energy of the substrate.

Figure 2.16: (a) Faceted Au nanoparticles annealed at 950<C for 10 minutes.*®
(b) Spherical Co nanoparticles annealed at 850<C for 2 hours.?
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The size and interparticle distance of the dewetted particles depend on
the initial film thickness. It is found that average particle diameter and
interparticle distance increase linearly as a function of initial film thickness, as
shown in Figure 2.17. However, not much is known on the effect of different

material on the resulting particles size and interparticle distance.
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Figure 2.17: (a) Interparticle spacing and (b) average diameter of Au
nanoparticles as a function of initial film thickness.>’

2.2.6 Dewetting Rate

The rate of dewetting is affected by each process from hole nucleation to
edge retraction, rim pinch-off, and fingering instability. Table 2.1 shows the
rate for the different processes.

Table 2.1: Rate for different processes in dewetting.

Process Rate Reference
Hole nucleation thote nucteation X h*D3 1
. 2 3 44
Edge retraction : 5 -z
g 7 o D2(ht)"5
A o e 31,58
Rayleigh instability trRayleigh D.

The overall dewetting rate can be described using Johnson-Mehl-

36,59

Avrami (JMA) analysis™*". In this analysis, the rates of various processes
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during dewetting are incorporated in the rate of transformation of the total film

area. The fraction of the area transformed is,

Xdgewet =1 — exp[NhT”;'Z(t - T)Z]
Equation 2.12

where Ny, is the number of holes per unit area, 7 is the growth rate of the hole,
and 7 is the incubation time. Figure 2.18 shows the predicted result of this

analysis.

—t

fraction agglomerated, X

<

T time,t —— »
Figure 2.18: Theoretical prediction for the area fraction X agglomerated as a
function of time, according to Johnson-Mehl-Avrami analysis.>

By fitting the experimental data, activation energy for void initiation and
void growth can be extracted. Muller and Spolenak found that the activation
energy for void initiation in Au film increases with film thickness, as shown in
Figure 2.19a. Jiran and Thompson compared void growth rates of Au thin
film in O, and Ar environment and found similar activation energy of 1.2eV,

as shown in Figure 2.19b.
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Figure 2.19: (a) Activation energy for void initiation for various Au film
thicknesses.* (b) Activation energy for void growth for 60-nm Au film.>

2.3 Templated Dewetting
In order to fabricate a regular array of nanoparticles, we may template
the dewetting process by either utilizing topographical template or patterning

the film.

2.3.1 Topographical Template

On a flat substrate, a thin film dewetted into particles of various size and
spacing distribution. Introducing a topographical feature on the substrate
creates an interaction with the dewetted particles such that more ordered array
of nanoparticles results. One of the most commonly used templates is inverted
pyramid, fabricated by a combination of interference lithography and KOH

etch. 1%
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Figure 2.20: Schematic cross-sectional view of a film dewetting on a surface
patterned with pits. Js is the curvature-driven atomic flux on the surface.*

Conformally deposited film will share the topographical feature of the
template, as shown in Figure 2.20. As the film is heated, top surface of the
film will experience curvature-driven surface self-diffusion. This resulted in a
mass flow into the pits to form ordered array of nanoparticles. In general,
critical dimensions of the template and film, i.e. pit depth, mesa width, period,
and film thickness, must be satisfied to achieve perfect ordering. Figure 2.21
shows how different set of parameters significantly affect the degree of
achievable ordering. For shallow pit and wide mesa, particles form both on the
pit and the mesa (Figure 2.21b). When the film is too thin, multiple particles
form in the pit (Figure 2.21c). Conversely, when the film is too thick, there is
no interaction with the topography (Figure 2.21d). Only when the template
dimensions and film thickness are matched, one particle per pit results, as

shown in Figure 2.21a.
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Figure 2.21: Four categories of dewetting on topography. (a) Ordered arrays
of one particle per pit with no extraneous particles. (b) Ordered arrays of one
particle per pit with particles on mesas. (c) Multiple particles form per pit with
no ordering. (d) Film not interacting with topography. Scale bar is 500 um.?’

Giermann and Thompson®’ also discovered that the Au particles within
pits were crystallographically aligned with (100) texture and uniform in-plane

orientation. Oh et al.?®

utilized the same template to fabricate one Co
nanoparticles per pit. While this is achievable, the Co particles were found not

to have crystallographic alignment.

Besides inverted pyramid template, other topographical templates such

as ripple patterned substrate,® line grooves®®?

and grid grooves can also be
used.®® On the substrate with grid grooves patterned,® at the edge of a groove
we will have a positive excess chemical potential and a negative excess
chemical potential in the valley. Thus, to reduce the local energy, the material
at the edges will flow to the flat area between the grooves and the valleys of
grooves during the dewetting process and the particle size is limited due to the
high positive excess potential at the both edges of a groove. The particles with
diameter larger than the grooves width disappear at deeper grooves since
deeper groove has a higher local curvature and thus a higher barrier for the
mass flow. Moreover, film thinning at the edge of a groove is expected and

film discontinuity could appear at the edge with increased groove depth. The

almost one particle with similar size in one square unit is obtained because the
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diffusion of material is limited inside of the square (Figure 2.22a). The
resulting particles have bimodal distribution, representing segregation of the

particles on the square mesas from the particles in the pit (Figure 2.22b).

1” 100 150 260 ' 2;0
alo iate @ ie .'.Ho o Particle diameter (nm)
Figure 2.22: (a) SEM image of Au nanoparticles formed after annealing of 10
nm Au film at 900<C in N, ambient on the grid grooves substrate. (b)

Histograms of the mean particle diameter showing bimodal distribution.®

2.3.2 Patterned Film

Patterned thin films showed different dewetting behavior depending on
their width, length, and initial film thicknesses. Kim et al.?® showed that in
contrast to the dewetted continuous film that forms islands with irregular size
and spacings, the films patterned into rectangles can develop into ordered
particles, e.g. a single particle, single rows of particle or double rows of
particles (Figure 2.23). The tendency to form ordered particles decreases with
increasing pattern dimension, in either length or width.

Thus, although dewetting of a blanket thin film generally resulted in
particles with range of size and spacings, it is possible to combine the
dewetting technique with lithography either by patterning the substrate or the
film to form ordered arrays of nanoparticles. Ordered array of nanoparticles

are generally required for various applications. It is also possible to engineer
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the size and location of the particles by adjusting several parameters such as
initial film thickness, size of patterned film or spacing of the topographical

templates.

AccV SpotMagn Det WD [N 5/

100KV 30 5000x SE 75

1 5000x 8.1

Figure 2.23: (a) A continuous film dewets into islands/particles with broadly
distributed sizes and spacings. The film thickness is 30 nm. (b) A single Au
particle developed when an 11 um x 11 um x 240 nm square pattern dewet. (c)
A single row of three particles developed when a 4 um x 11 um x 60 nm
rectangular pattern dewet. (d) Double rows of two particles developed when a
9.3 um x 9.3 pm x 120 nm square pattern dewet. Scale bars = 5 um.?

2.4 Dewetting of Alloy
In this section, study on solid-state dewetting of miscible and immiscible

alloy will be discussed.

2.4.1 Miscible System
Miscible system is a system where the constituent materials are mutually
soluble in each other due to similar crystal structure, atomic radii,

electronegativity, and valence.®® The effect of alloying has interesting effect
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on the alloy material properties, but there have been limited studies on
miscible alloy systems.

Oh et al.*® investigated annealing behavior of CoPt bilayer thin film with
compositions 52% Pt (CP52) and 36% Pt (CP36). This work focuses more on
creating ordered array of nanoparticles and exploring possible magnetic
application. Oh et al. utilized topographical (inverted pyramid) template to
obtain particles with more uniform size and interparticle distance. Templating
also help to produce more uniform composition as the Co and Pt layers
rupturing at the same locations due to topographical template. The dewetted
particles are mainly single crystal although some twin boundaries are
observed. As predicted, CP36 produced magnetically soft fcc phase particles
while CP52 produced magnetically hard L1, fct phase. For magnetic
application, it is desired that the L1, fct particles have easy axis [001]
perpendicular to the substrate plane but the majority of the observed particle
have easy axis [110], [001] and [112] oriented normal to the substrate. It was
found that annealing at 900<C resulted in the highest frequency of [001]
perpendicular easy axis with the array having in-plane coercivity of 10 kOe
and out-of-plane coercivity of 14 kOe.

Another study by Muller and Spolenak®® focuses more on the dewetting
mechanism, for which they selected Au and AuPt alloy systems. Morphology
maps were created for both materials. It is found that alloying influences the
dewetting behavior at 500 <C, as higher Pt content showed delayed dewetting,
but not at higher temperatures (700 — 900<C). They distinguished three zones
in the morphology map, namely continuous film, partial dewetting, and

complete dewetting. They utilized JMA analysis (Equation 2.12), which was
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previously used by Jiran and Thompson®®, to determine the activation energies
for void initiation and void growth. They successfully extracted the relevant
activation energies for Au dewetting process. However, they found that there
is non-linearity behavior in the Arrhenius plot for AuPt alloy with increasing
Pt content, as shown in Figure 2.24. They argued that Pt content only affects
one of the several processes that are active during the dewetting process, such
as surface diffusion and grain-boundary diffusion. More data points might be
needed to justify whether non-linearity behavior really exists in the alloy

dewetting. It might be important to compare the alloy dewetting behavior to Pt

film as well.
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Figure 2.24: (a) Arrhenius plot for pure Au of three different initial film
thicknesses. (b) Arrhenius plot for 20-nm-thick AuPt alloys of various Pt
contents.®

Recently, Haniff et al.% studied the morphologies and properties of thin
film CoFe (4-10 nm) on oxidized Si when they were heat-treated under H,
plasma at 700 <C for 10-60 minutes. They also studied Co and Fe thin film as
comparisons. They found that particle size increases with increasing film
thickness and plasma treatment duration. In comparison, Co particle size and
interparticle distance are larger than the rest of the materials under study.

However, the definition of particle is loosely defined, by including also the
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stage where the islands are still not in their equilibrium shape or irregular. It
was found that for elemental materials (Co and Fe), resistivity increases with
film thickness due to increasing particle distance. Interestingly, however, the
resistivity trend for alloy shows a maximum for film thickness of ~ 8 nm. This
behavior is attributed to the increased surface contact area between
nanoparticles owing to coalescence for the case of film thickness larger than 8
nm. On the other hand, it was found that magnetoresistance decreases with
film thickness, irrespective of the materials, due to increasing particle size and
distance. For the alloy, magnetoresistance increases with increasing Fe
content.

Wang and Schaff recently explored to Au-Ag system to fabricate
nanoporous Au nanoparticles®™. Bilayer Au-Ag was annealed and, after
cooling down to room temperature, the Ag component was selectively
removed resulting in nanoporous structure that possess high surface-to-volume
ratio. This nanoporous structure may find its usefulness in various
applications, such as photonic, catalytic, and chemical. Recently, they have
successfully created an ordered array of these nanoparticles using inverted

pyramid template, as can be seen in Figure 2.25.%°

4 < 200 nm
Figure 2.25: Nanoporous Au nanoparticles.
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2.4.2 Immiscible System

In this section, solid-state dewetting studies on immiscible system will
be reviewed. In a pioneering work on NiAg system by Petersen and Mayr®, it
was found that the addition of Ag transforms the dewetting mode from
capillary-driven for Ni (Figure 2.26a) to fractal-like growth (Figure 2.26b). It
was argued that Ag segregates to surface, acting as a catalyst for the fractal
formation by creating local tensile stress. To relieve the stress, the void will
grow along high-energy grain boundaries in a branch-like fashion.

The assumption that solute segregation creates a stress concentration
leading to fractal growth, however, disagrees with the observation from Jiran
and Thompson®. In their studies, pure Au film, i.e. no solute, also exhibits
fractal growth and this phenomenon is rather attributed to the local variation in
the edge retraction rate due to thickening rim instability. Following this
argument, the findings from Petersen and Mayr®® may therefore be explained
in that the addition of Ag increases the local edge retraction variation of the
receding film, as compared to pure Ni film, resulting in different dewetting

mechanism between NiAg and Ni.

1 hour.*
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Figure 2.27: Plot indicating regimes of SOI thickness and biaxial Si film
stress where surface energy reduction (shaded) and strain energy reduction
(unshaded) would dominate during agglomeration. The SOI films that have
been observed to undergo agglomeration (hs; < 30 nm and os; < 100 MPa) can
be seen to lie within the surface-energy-dominated regime, strongly indicating
that SOI agglomeration is a surface-energy-driven phenomenon.*’

Danielson et al.*® demonstrated that surface energy is the primary
driving force in dewetting. They calculated the changes in surface energy and
strain energy during agglomeration of an initially flat biaxially stressed
square-shaped SOI film. Assuming the Si islands to be hemispherical and that
the island radius scales with the SOI thickness (taken to be equal to 20 of
silicon-on-insulator/SOI thickness), as well as volume is conserved during

dewetting, they obtained,

T
AEsurface = - §h§i[136OOYSi—vac - 14800(V5i02—vac - YSi—SiOZ)]
Equation 2.13

(1 - vs)ag;

T 3
AEgtrain = _ghSi 16000 Es;
i

Equation 2.14
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where vy is the surface energy, os; is the biaxial stress of Si, vs; is the Poisson
ratio, Esg; is the elastic modulus of Si, and hg; is the initial Si thickness. From
Figure 2.27, it can be seen that the surface energy reduction in the
agglomeration process for SOI (biaxial stress < 100 MPa) is far greater than
the strain energy reduction. Metal thin films have been found to have
relatively low biaxial stress at high temperature. It has been established that
the film stress at 400<C for Al and Cu is well below 100 MPa, even for
thicknesses above 1 pm.®"®

Immiscibility between materials can also be utilized to fabricate
interesting nanostructures. Wang and Schaaf’® demonstrated the fabrication of
NiAu nanoalloy particles from Ni-Au bilayer of 1:1 volume ratio. After
annealing, Ni-rich and Au-rich phases are clearly separated, as shown in
Figure 2.28.

EDX linescans further reveal that the Ni-rich phase has higher matrix
content (10:1) as compared to the Au-rich portion (3:1). This is in agreement
with the skewed solubility gap profile exhibited by Ni-Au phase diagram’?, i.e.
Au solid solubility limit is less than that of Ni. Wang and Schaaf also found
that the shape of particles depend on the annealing temperature, in that higher

annealing temperature resulted in more spherical particles.

Figure 2.28: Ni-Au nanoalloy particles.”
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Amram et al.”? investigated the precipitation of Fe phase from Au-Fe
system and developed a thermodynamic model to explain the kinetics and
morphology of the Fe precipitate. The Au-Fe layer was annealed at 600 <and
900<C in Ar + 10% H, ambient. At 600<C, two phases are in equilibrium,
namely fcc Au and bce a-Fe, while at 900<C, only fcc Au is in equilibrium.
Based on the model, they predicted core-shell configuration, where Fe
precipitate is embedded inside the parent Au-rich. However, experimental
results show that the core-shell configuration is satisfied only up to a critical
thickness, above which the particle adopts partially embedded Fe-precipitate
configuration. For even thicker film, the Fe precipitate will be at the same
height as the parent Au-rich. Thus, for the same composition of alloy, one can
achieve different morphology depending on the initial film thickness.

From the literature review above, it can be seen that alloy nanoparticles
can be created by a simple dewetting method. They have interesting properties
and can be utilized to create various structures. The study of alloy dewetting is
still limited, but there have been some works on the dewetting morphologies
and dewetting rate of miscible system and the process of precipitation in

immiscible alloy dewetting.

2.5 Summary

Solid-state dewetting of elemental materials has been extensively studied
and much understanding has been obtained from the initial stage of hole
initiation to particle coarsening. Templated dewetting has also been studied to
produce regular array of nanostructures. However, the influence of different

materials and alloy addition on the dewetting process has not been much
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explored. A few studies have been carried out to investigate the dewetting
morphology, rate, and possible applications. Since alloy offers interesting
properties which might be useful in various applications such as magnetism,
optics, or nanofabrication, a more comprehensive study of alloy dewetting,

both miscible and immiscible systems should be conducted.
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Chapter 3. Experimental Methods

3.1 Introduction

This chapter presents detailed experimental methods used in this study.
Section 3.2 describes the sample preparation procedures which involve sample
cleaning and growth or deposition of diffusion barrier. Sections 3.3 and 3.4
discuss the metal thin film deposition and the subsequent annealing process.
Section 3.5 presents the lithography process to pattern the samples. Finally,
Sections 3.6, 3.7, and 3.8 describe microstructural analysis techniques which
include scanning electron microscopy (SEM), transmission electron

microscopy (TEM), and energy dispersive x-ray spectroscopy (EDX).

3.2 Sample Preparation

The Si wafer preparation procedure consists of wafer dicing, sample
cleaning, and growth or deposition of diffusion barrier. First, p-type Si wafers
of (100) orientation were coated with resist, to protect the wafers from debris
during dicing, and were diced into a size of 0.5 cm < 0.5 cm. The samples
were then immersed in acetone for 30 minutes to remove the resist.
Afterwards, they were immersed in isopropanol for 5 minutes and rinsed in
flowing de-ionized (DI) water with bubbler. The samples were then blown dry
with N gun and are ready for the next processing step.

The next step is to grow or deposit a layer of oxide that acts as a
diffusion barrier between the metal and the Si. Two types of diffusion barriers

were used in this work, silicon oxide (SiO;) and aluminum oxide (Al,O3).
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SiO; layer is a good diffusion barrier for most metals. However, in forming
gas ambient at high temperature (higher than 450 — 500 <C), Pd can reduce
SiO, to Si and forms palladium silicide’. Therefore, for most cases, Al,Oj is

used as a diffusion barrier.

Resistive heating system

Si wafers

Quartz carrier

Figure 3.1: Schematic of a Si oxidation system.

The SiO, layer was grown by thermal oxidation process using Tystar
Model Mini Tytan oxidation system. The oxidation system is schematically
illustrated in Figure 3.1. In this work, thin oxide layer (~10 nm) was grown by
dry oxidation process, while thicker oxide layer (80 nm and above) was grown
by wet oxidation process. The oxidation reaction takes place at the Si/SiO2
interface according to the reaction of Si + O, - SiO, for dry oxidation and Si
+ 2H,0 > SiO, + 2H, for wet oxidation’. The basic oxidation process of
silicon is described in Figure 3.2. As the oxide layer becomes thicker, the
oxide growth rate will be diffusion-limited. For dry oxidation process, the
diffusion-limited regime is ~4 nm while for wet oxidation process the
diffusion-limited regime is ~100 nm™. As a consequence, wet oxidation
process is typically used to grow thicker oxide layer even though dry oxidation

produces a more uniform and denser thermal oxide™.
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Figure 3.2: Basic oxidation process of silicon.

The AIl,O3; layer was deposited by using Anelva L-332S-FH radio
frequency (RF) sputtering system. In direct current (DC) sputtering system, an
inert gas is fed into the chamber at low pressure, after which a voltage is
applied across the cathode (target) and anode (sample) to create plasma. The
positive ions in the plasma are accelerated to the target and sputter the target
atoms which will then travel as a vapor and deposit on the surface of the
sample. Problem arises when the target is an insulating material because when
the negative DC voltage is applied, positive charge (Ar") from the plasma will
build up on the negatively charged insulator and the negative surface voltage
will not be sufficient to sustain the plasma’®. Thus, high frequency, commonly
13.56 MHz, alternating potential is used to maintain continuous plasma
discharge. The target area is made smaller than the anode to ensure the voltage
drop at the target is much greater than the voltage drop at the anode, so that
the sputtering occurs almost entirely at the target surface. The RF sputtering
system is depicted schematically in Figure 3.3. The Al,O3 layer was deposited

at a deposition rate of 1 nm/min with a base pressure of ~ 1 <107 Torr.
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Figure 3.3: Schematic diagram of RF sputterer.

3.3 Metal Film Deposition

In magnetron sputtering, a magnetic field is applied around the target to
increase the efficiency of Ar atoms ionization. A permanent magnet structure
is placed behind the target and the resulting magnetic field will act as an
electron trap, causing the electron to move in a spiral motion by Lorentz force
and increasing the probability of collisions with Ar atoms. Thus, more Ar* will
strike the target and deposition rate will increase accordingly. In addition, a
lower Ar pressure can be used and the resulting metal film quality will
improve due to less Ar incorporation in the film’*. All the metal films in this
work were deposited by AJA ATC 2200-V magnetron sputtering with a base

pressure of 5 <107 Torr.
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3.4 Furnace Annealing

The annealing process was performed in a three-zone furnace at
atmospheric pressure. The schematic drawing of a horizontal furnace used in
this work is provided in Figure 3.4. The evolution of the metal film during the
annealing process is affected by three important parameters: temperature,
duration, and ambient. In this study, annealing was carried out in either N,
ambient or forming gas (90% N, + 10% H,) ambient, with temperature varies
from 150 — 1050 <C and annealing duration of 5 minutes — 2 hours. The
temperature and duration needed to reach complete dewetting also depends on
the material of the film. Since the furnace cannot be evacuated, there was
always some air present in the chamber. Thus, the effect of oxidation by
residual oxygen present in the chamber might also influence the final

morphology, especially for non-noble metals.

Resistive heating system

Quartz
tube

Samples

I I Quartz sample holder
N, forming
gas

Figure 3.4: Schematic diagram of furnace annealing.

3.5 Lithography
First, the sample was coated with developable WIDE-C anti-reflection

coating (ARC) via a two-step spin coating process. The sample was spun at
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500 rpm for 2 seconds (acceleration of 560 rpm/sec) to ensure uniform resist
coating over the entire surface of the sample, followed by spinning at 2000
rpm for 58 seconds (acceleration of 1680 rpm/sec) to get ARC layer with ~ 85
nm thickness. The sample was then baked at 165 <C for 2 minutes. The ARC
layer was necessary to create undercut profile to help in the lift-off process of
a thick film. After that, the sample was coated with Ultra-i 123 positive resist
via a two-step spin coating process, 500 rpm for 2 seconds (acceleration of
560 rpm/sec) followed by 3000 rpm for 58 seconds (acceleration 1680
rpm/sec). After the resist coating, the sample was soft baked at 90<C on a
hotplate for 90 seconds to remove excess solvent within the photoresist and to
improve the adhesion of photo resist to the sample.

Subsequently, interference lithography (IL)"®"’

with Lloyd’s mirror
configuration” and HeCd laser source (A, = 325 nm) was used for film
patterning. This method was employed as it can cover a large area within a
short period of time and no mask is required. In the Lloyd’s mirror
configuration, the mirror is fixed perpendicularly to the substrate on a rotating
frame that can be rotated to a certain angle (6,.). The incoming laser beam will

interfere with the beam reflected off the mirror to form a standing wave

pattern that will be recorded in the photoresist, with a spatial period (p) given

by,

Equation 3.1

Figure 3.5a describes the schematic of Lloyd’s mirror IL system and

Figure 3.5b shows the interfering beams on the photoresist.
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Figure 3.5: (a) Lloyd’s mirror interference lithography setup, (b) interfering
beams on the photoresist.

After exposure, the sample was baked at 110°C on a hotplate for 90
seconds and then immersed in Microposit MF CD-26 developer for 60
seconds to produce the pattern. The sample was then rinsed with DI water and
blown dry with N gun.

After patterned resist was obtained and metal was deposited on the
sample, lift-off was performed to remove the metal-coated resist and ARC,
leaving behind the metal pattern on the substrate. To remove the resist, sample
was put on the sample holder and immersed in an acetone-filled beaker which
was then put in an ultrasonic bath (Branson B2510DTH). After the sample
was subjected to ultrasound agitation at 40 kHz for about 10 minutes, the resist
should be completely removed. To remove the ARC, similar step was
performed but with Microposit MF CD-26 developer instead of acetone. The
final pattern of the metal will be the negative image of the original pattern on

the resist.
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3.6 Scanning Electron Microscopy

Characterization of the surface morphology of the samples was carried
out using scanning electron microscope (SEM) FEI Nova NanoSEM 230. In
an SEM, electrons from a field-emission cathode are accelerated when voltage
is applied between cathode and anode. Primary electrons (PE) that strike the
sample will generate secondary electrons (SE), backscattered electrons (BSE),
Auger electrons (AE) and characteristic x-ray (X). Schematic illustration of
electron-sample interaction and information depth of the emitted signals are

described in Figure 3.6.

Electron range R

Figure 3.6: Origin and information depth of SE, BSE, AE and X for normal
incidence of PE.*°

SE and BSE are usually detected with a scintillator-photomultiplier
detector. SE is resulted from inelastic scattering. As shown in Figure 3.6,
some of the SE near the surface (within the escape depth (Ag) of ~ 2 nm) can
escape and be detected. Since Ag is very small, SE image will give
topographical information of the sample®. Figure 3.7a shows that for an

inclined surface (B), the number of escaping SE per PE (SE yield) is larger
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than that of a flat surface (A) as can be seen by comparing the hatched area in
A and B. Thus, protrusion features will appear brighter than their
surroundings. Figure 3.7b shows that interaction volume increases with the
PE energy (Eo) due to more scatterings and decreases with the sample atomic
number (Z) because the PE is being slowed down due to more atoms available
per unit volume. The dependence on Z implies that materials with difference Z
will also create contrast in SE image. However, to obtain stronger Z-contrast

image, SEM should be operated under BSE mode.
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Figure 3.7: (a) SEM incident beam that is normal to a specimen surface (at A)
and inclined to the surface (at B). (b) Schematic dependence of the interaction
volume and penetration depth as a function of incident energy E and atomic
number Z of the incident (primary) electrons.®

BSE is a primary electron that is ejected from the sample by elastic
scattering with angle greater than 90< The BSE signal comes from up to half
the penetration depth of PE, which is much larger than the escape depth of SE.
The fraction of primary electrons that can escape as BSE is proportional to Z
and thus materials with difference chemical composition will create contrast in

BSE image.®

3.7 Transmission Electron Microscopy
Transmission electron microscope (TEM) is used to obtain diffraction

patterns and high-magnification images, generally in the range of 10°-10° of a
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sample.®* The TEM images in this work were obtained from JEOL 2010F and
JEOL 3010 systems. Figure 3.8 shows simplified schematic images of two
TEM basic operations, diffraction mode and image mode. Basic component of
TEM are vacuum system, high-voltage source and column, which consists of
electron gun, condenser lens and apertures, specimen holder, objective lens
system and objective apertures, intermediate and projector lens system, and

image recording device.
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Figure 3.8: Two basic operations of TEM imaging system: (a) diffraction
mode, (b) image mode.®
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Electrons from electron gun are accelerated by the applied voltage and
are gathered and focused by condenser lens systems. After passing through the
specimen, the objective lens system will either diffract or scatter the electrons
in the forward direction. The objective lens directly determines the resolution
of the TEM. Further magnification will occur in the intermediate and projector
lens systems.

In the diffraction mode, the electron beams that pass through the
specimen are diffracted then passed through the objective lens. Parallel beams
are focused in the back-focal plane which acts as the object plane for the
intermediate lens. Selected-area diffraction aperture is inserted to select a

specific area of the specimen to contribute to the diffraction pattern.
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Figure 3.9: (a) Bright-field image formation from the direct electron beam,
(b) displaced-aperture dark-field image formation, and (c) centered dark-field
image formation.®?

In the image mode, objective aperture is inserted and the intermediate

lens is adjusted so that the image plane of the objective lens becomes the
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object plane of the intermediate lens. Either direct beam or scattered beam can
be selected to form bright-field and dark-field images. In bright-field imaging,
the directly transmitted beam enters the objective lens. Defect will appear dark
because it scatters the beam. While in dark-field imaging, the directly
transmitted beam is blocked and only scattered beam enters the objective lens.
Dark-field imaging allows us to extract useful information such as planar
defects, stacking faults, or particle size. Figure 3.9 illustrates dark-field and

bright-field images formation.

3.8 Energy-Dispersive X-Ray Spectroscopy

Energy-dispersive X-ray Spectroscopy (EDX) is generally used for
elemental analysis of a sample. In this work, we used INCA x-sight detector
EDX system. Figure 3.10 shows a simple diagram of electron shells following
the Bohr model. At ground state, electrons of an atom within the sample are
positioned in discrete energy levels. When a high-energy beam of charged
particles, for example electrons from SEM or TEM, is focused into the
sample, the electron in the inner shell can be ejected from the shell creating a
hole. An electron from a higher energy level can then fill the hole while
releasing its energy in the form of an X-ray which can be measured using an
energy-dispersive spectrometer. Energy of the X-rays is characteristic of the
atomic structure of the element and thus this method allows us to measure the

elemental composition of the sample.
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Figure 3.10: Simplified diagram of electron shells, following the Bohr model
of the atom.®®

3.9 Vibrating Sample Magnetometer

Vibrating Sample Magnetometer (VSM), which is based on Faraday’s
Law of Induction, is used to measure the magnetic properties of a sample.
Figure 3.11 shows a schematic of VSM. In VSM, the sample is placed in a
constant magnetic field and vibrated at constant frequency ® in a vertical
direction so that the magnetic flux is changing as a function of time. In this

work, we used LakeShore 7404 VSM.

Figure 3.11: Schematic of VSM.®

52



The change in magnetic flux will produce an electric field, according to
Faraday’s Law of Induction®, with an effective voltage given by :

U = kcaoM
Equation 3.2

where U is the voltage, k is a coefficient determined by calibration, and M is
the magnetic moment of the sample. The induced AC voltage can be detected

by a set of pick-up coils.
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Chapter 4. Solid-State Dewetting of Cobalt Palladium

4.1 Introduction

In recent years, solid-state dewetting'®2"2%31:%

of metal thin film, has
emerged as a promising low-cost nanoparticle fabrication method. This
method involves simple steps of depositing the thin film followed by heat
treatment. The dewetting or agglomeration process is driven by surface energy
minimization facilitated by surface diffusion process. For solid-state dewetting

of alloy, it is worthwhile to distinguish two different systems, miscible and

immiscible alloy.
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Figure 4.1: Co-Pd phase diagram.®®
In this chapter, we report a systematic study on the dewetting mechanism
of CoPd alloy, which is a miscible alloy.®*® The phase diagram for Co-Pd

system is given in Figure 4.1. As can be seen, Co and Pd form solid solution
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across the entire composition. So far, most studies on solid state dewetting
focus on elemental material and only limited works have been done on
miscible alloy dewetting*®*®. Structural characterization of the CoPd film and
CoPd nanoparticles will be presented. Dewetting kinetics will be studied using
JMA analysis and the results are compared with experimental data. The role of
material composition and initial layer configuration on the interparticle

spacing, particle density, and size will be discussed.

4.2 Experimental Details
p-type Si (100) wafers were used as substrate for the dewetting
experiments. The wafers were covered with resist and cut into 0.5 < 0.5 cm?
chips. The resist protected the substrate from debris generated during dicing.
The samples were then cleaned in acetone for 30 minutes to remove the resist
followed by immersing in IPA for 5 minutes and rinsing with DI water. For the
next step, 100-nm Al,O3 layer was sputter-deposited on the Si wafer, serving
as a silicidation barrier. Afterwards, 25-nm CoPd film was sputter-deposited
with different layer configurations as follows:
(1) 10-nm Pd/15-nm Co, hereafter will be termed as 10Pd/15Co.
(2) 2-nm Pd/5-nm Co/3-nm Pd/5-nm Co/3-nm Pd/5-nm Co/2-nm Pd, hereafter
will be termed as 2Pd/5Co/3Pd/5Co/3Pd/5Co/2Pd.
(3) 15-nm Co/10-nm Pd, hereafter will be termed 15Co/10Pd.
(4) 3-nm Co/3-nm Pd/4-nm Co/4-nm Pd/4-nm Co/3-nm Pd/4-nm Co, hereafter
will be termed as 3Co/3Pd/4Co/4Pd/4Co/3Pd/4Co.
The different layer configurations are schematically shown in Figure

4.2. In addition, 25-nm Co film and 25-nm Pd film were also deposited to
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study the behavior of the alloy material constituents. 25-nm Au film was

prepared as a comparison.

aom ¢ N

Figure 4.2: Schematic illustration of different CoPd layer configurations used
in this study. Co atomic ratio is fixed at 66.7 at. %.

The samples were loaded into a furnace in forming gas ambient (10%
H,) with 1800 sccm flow rate. The furnace was then heated up with a ramp
rate of about 20<C/minute to the setpoint temperature. It takes 1-2 minutes
before the temperature stabilizes. After maintaining the setpoint temperature
for the desired duration, the furnace was subsequently cooled down to room
temperature, which takes approximately 4 hours, before the samples were
retrieved. The sample morphology after annealing was characterized using
SEM (FEI Nova NanoSEM 230) and TEM (JEOL 2010F and JEOL3010).

Composition analysis was carried out using EDX (INCA x-sight detector).

4.3 Effect of Layer Configuration

To investigate the effect of initial layer configuration on the CoPd
dewetting process, the four different layer configurations were deposited and
then annealed at 800 <C for 2 hours. Figure 4.3 shows that the morphologies of
the different layer configurations after annealing are similar. The average
interparticle spacing for all four layer configurations of CoPd films, each of

which was calculated from 50 data points in an SEM image, is approximately
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600 nm. This suggests that Co and Pd intermixed completely during the

dewetting process.

(2) 2pd/5Co/3Pd/5C0/3Pd/5Co/2Pd
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Figure 4.3: CoPd (66.7 at. % Co) film after annealing at 800<C for 2 hours

and the average interparticle spacing for different layer configurations.

57



4.4 Stages of Dewetting

It has been studied that elemental material undergoes specific stages
during the dewetting process®>*®. Furthermore, Muller and Spolenak® also
found that miscible AuPt alloy undergoes specific stages similar to Au film
which is divided into hole initiation, hole growth, and hole coalescence or
particle formation.

Six stages are proposed in this work for the dewetting process of Au, Co,
CoPd and Pd, as follows: hole initiation, hole growth, interconnected islands,
isolated islands, island coarsening, and particles. Figure 4.4, Figure 4.5 and
Figure 4.6 capture these dewetting stages for Au, Co and Pd thin film,
respectively. Co and Pd form miscible alloy in the entire range of temperatures
under study. It is expected that CoPd alloy thin film will undergo similar
dewetting stages as its elements, as is confirmed by Figure 4.7. After
annealing at 500<C for 15 minutes, formation of holes was initiated on the
CoPd thin film. Subsequently, the holes grew in number and size after longer
annealing time of 2 hours. The hole grew via fractal-mode mechanism instead
of capillary mode. When the sample was annealed at a higher temperature of
550C for 15 minutes, interconnected islands were formed. When annealed
further, the interconnected islands broke up into irregular-shaped islands
before going through a coarsening process, as can be seen in the transition
from 600<C, 15 minutes to 800<C, 2 hours, as indicated by the arrow in

Figure 4.7. Finally, the particles evolved into spherical or faceted shapes.
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Figure 4.5: Stages of dewetting for 25-nm Co film.
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Figure 4.7: Stages of dewetting for 25-nm CoPd (66.7 at.% Co) film.
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Table 4.1: Relevant surface and interfacial energies for Au, Pd, Co, and
Alumina substrate. ysp — ysy is obtained from subtracting the work of
separation®’ from the particle surface energy
Surface / Interfacial

8889 according to Eq. (1) in ",

Au (in J/m?) Pd (in J/m?) Co (in J/m?

Energy

Y1t 0.886 1.382 2.70 88,89
Y100 1.083 1.661 2.78 88,89
Y110 1.114 1.671 - 8

Ysp - Ysv (Alumina) | 0.22 0.61 1.59 §7.88.89

The equilibrium shape of a free-standing crystal is determined by the
energy minima in the Wulff plot.>* For fcc metals, {111} planes possess the
lowest surface energy because the atoms on the surface are only deprived of
three out of twelve neighbors.>*% It has been established earlier, however, that
for particles sitting on a substrate, substrate surface energy and substrate-
particle interfacial energy must also be taken into account to determine the
equilibrium shape of the particles (Winterbottom construction). Table 4.1 lists
the relevant surface and interfacial energies for Winterbottom plot
construction. Figure 4.8a shows the equilibrium particle shapes for Au, Pd,
and Co constructed using Wulffmaker algorithm® run on Wolfram CDF Player
platform.® The Winterbottom construction was based on the information that
the three metals have fcc crystal structure and belong to m3m point group.®®

The equilibrium shape is obtained by minimizing:
n
Z Vidyi
i=1

where y is the surface/interfacial energy and Ay is the facet area.

Equation 4.1

Figure 4.8a and b display the predicted equilibrium shapes for Au, Pd,
Co, and CoPd particles on Al,O3 substrate for various surface normal
possibilities: [100], [111], and [110]. This prediction agrees well with

observation, as shown in Figure 4.8c, in that Au and Pd particles are faceted.
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In particular, they appear hexagonal from the top-view SEM images,
suggesting that these particles have (110) surface normals (c.f. Figure 4.8b).
Co particles, however, are found to be more spherical. These results agree
with previous studies on dewetting of Au?’ and Co® on topographical
template. It was found that after dewetting the Co particles surface appear
roughened indicating surface-oxide formation® and have fcc structure®.

There can be two possible reasons for the spherical shape of dewetted
Co particles. First, Co has a low surface diffusivity compared to Pd and Au, as
shown in Table 4.2. Thus, Co might need a longer time to reach its
equilibrium shape. Secondly, Co has a high reactivity to any oxygen® residue
present in the chamber and hence, the surface energy anisotropy can be
altered. The bottom panels of Figure 4.8c show that CoPd particles are
composed of both faceted and spherical shape particles, with less prominent
faceting as compared to Pd. This suggests that surface energy anisotropy of
CoPd lies in between that of Co and Pd. It can also be seen that the faceted
CoPd particles do not have any preferred surface normal orientations. This

observation will later be corroborated from TEM SAED results.

Surface Au Pd CoPd

Normal
[100]

[111]

[110]
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Figure 4.8: (a)-(b) Tilted and top-view 3D Winterbottom construction for Au,
Pd, Co, and CoPd particles on Al,O3 substrate for various surface normal
possibilities. (c) High-magnification SEM images of Co, Pd, Au and CoPd
nanoparticles.

Table 4.2: Bulk and surface diffusivities of Au, Pd and Co at 800<C.

Material Bulk Ref. Surface Ref. Surface Ref.
Diffusivity Diffusivity Diffusivity on
(m?/s) (m?/s) Al,O3 (m?/s)
Au 301x10™| * | 789x10° | ¥ 3.89x 107 %
Pd 219x 10| ¥ [o962x10M | 9.15x 10 1ot
Co 497x 10| 1 |215x10% | 3 -
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4.5 Dewetting Rate

Although the dewetting stages are basically the same among Au, Co, Pd
and CoPd, the interstage transition is material-dependent. It can be seen from
Figure 4.4 to Figure 4.7 that the transition occurs at the lowest temperature in
Au, followed by Pd, CoPd (66.7 at.% Co) and Co. As can be seen in Figure
4.4, Au has already formed interconnected islands after annealing for 15
minutes at a temperature as low as 200<C. In Figure 4.6, Pd thin film formed
interconnected islands only at a higher annealing temperature of 400<C for the
same duration. Meanwhile, CoPd thin film after annealing at 500<C for two
hours was still in hole-growth stage and only formed interconnected islands
after annealing at 550 <C for 15 minutes (Figure 4.7). Interstage transition of
dewetting in Co occurs at the highest temperature among the four because
even after annealing at 600<C for 15 minutes, continuous film was still
observed sporadically (Figure 4.5). Table 4.2 lists the bulk and surface
diffusivities of Au, Pd, and Co at 800<C. It can be seen that Au has the highest
diffusivity, followed by Pd and Co. Since solid-state dewetting is driven by
surface diffusion process, the material with high surface diffusivity should
undergo interstage transition at a lower temperature as confirmed by our
finding in Figure 4.4 to Figure 4.6.

Figure 4.9 compares the morphology of Co, CoPd (66.7 at.% Co) and
Pd thin films after annealing at the same conditions, 500<C for 15 minutes.
While Co film was still continuous, CoPd was already in the stage of hole
growth and Pd has already formed interconnected islands. This figure suggests
that CoPd (66.7 at.% Co) thin film behaves in between Co and Pd thin films

during the dewetting process. There is no published data for CoPd or other
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alloy surface diffusivity. However, another miscible alloy, Cu-Ni has bulk
interdiffusivity increasing monotonically as a function of Cu at. %
concentration.’®™ Thus, it may be reasonable to expect the surface diffusivity

of other miscible alloys to lie in between those of its constituents as well.

CoPd (66.7 at.% Co)

Figure 4.9: Morphologies of Co, CoPd and Pd thin films after annealing at
500<C for 15 minutes.

Muller and Spolenak®® modeled the dewetting characteristics of Au
and AuPt alloy by monitoring the exposed substrate area as a function of
annealing duration for the same annealing temperature. Similar to Jiran and
Thompson®, they utilized Johnson-Mehl-Avrami (JMA) equation to calculate
the activation energies for void initiation and void growth in Au dewetting.
However, they were not able to quantify the results on AuPt alloy. They
proposed that Pt contributes in a complex manner to various kinetic processes
during dewetting. Here, we tried to plot the CoPd isochronous dewetting
behavior as a function of annealing temperature.

Figure 4.10 shows the fraction of exposed substrate area for Co, Pd,
CoPd (66.7 at.% Co), and Au as a function of temperature. The exposed
substrate area is calculated using ImageJ software.’® As can be seen, there are
two regimes in the substrate area evolution. The first is where the exposed area
increases with temperature and the latter is where the exposed area saturates at

about 80%. If the first regime is approximated linearly and extrapolated to the
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x-axis, one can extract the hole incubation temperature (onset of dewetting) for

the materials, as shown in Table 4.3.
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Figure 4.10: Fraction of exposed substrate area as a function of temperature
for different materials. The samples were annealed for 15 minutes.

Table 4.3: Hole incubation temperature for different materials annealed for 15

minutes.
m Hole incubation temperature (°C)

Co 450-620
CoPd 360-660
Pd 280—-320
Au 100-150

To better understand the underlying dewetting mechanism, Figure 4.10
is re-plotted as a function of homologous temperature, as shown in Figure
4.11. As can be seen, there is now a profile match between Pd and Au. Pd and
Au both have fcc crystal structures and thus, the diffusivity at the same
fraction of their melting temperature, i.e. homologous temperature, will be
approximately the same.>**® This further corroborates that the dewetting
process is governed by surface diffusion. The deviation of Co from Au and Pd

lines can also be explained in a similar manner. As will be shown from the
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TEM studies later, the as-deposited Co has an hcp structure. Brown and
Ashby'® tabulated the melting-point diffusivities for various classes of
crystalline solids and from their work, hcp and fcc were actually found to have
comparable diffusivities. These data are applicable, however, for bulk or
lattice diffusion, while dewetting is understood to be a surface-diffusion

process. From the Ellingham diagram,*”’

it can be seen that Co is more
reactive to oxygen, compared to the noble metals, Au and Pd. For example, at
800<C, only 10 atm of O, is required to convert Co to CoO. This
information, coupled with the high surface-to-volume ratio in both pre-
dewetting thin film and post-dewetting nanoparticles, could account for the
reduction in surface diffusivity of Co atoms during dewetting. This translates
into the smaller fraction of exposed area for Co at the same homologous
temperature, compared to Au and Pd. Finally, from Figure 4.11, it can also be

seen that the CoPd alloy behaves similarly to Co, probably because of high Co

content (66.7 at.%).
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Figufe 4.11: Fraction of exposed substrate area as a function of homoldgous
temperature for different materials. The samples were annealed for 15
minutes.
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In order to better understand the kinetics of the dewetting process and
extract the relevant kinetic parameters, JMA analysis will be carried out on the
data. Jiran and Thompson®® derived the fraction of exposed substrate area as a

function of time as follows,

A =1— exp[—N,mvi(t — t;)?]

Equation 4.2
where A is the fraction of exposed substrate area, Ny is the number of void
nuclei per unit area, vy, is the void growth rate, and t; is the void incubation
time. N, is shown to be temperature-insensitive®® and experimentally
determined. Values of Ny for Au, Co, Pd, and CoPd are experimentally
determined and tabulated in Table 4.4. The void growth rate, assuming time

independence, can be expressed as, **°

. 2Dsvs 2y,
h kTh3

Equation 4.3
where Dy is surface diffusivity, vs is surface density of atoms, Q is atomic
volume, vy, IS surface energy of the film, h is the film thickness, and kT carries
the usual meaning. Values of surface diffusivity at different temperatures for
Au, Co, and Pd can be calculated from the knowledge of relevant diffusion

constant (Dso) and activation energy (Qs), as given in Table 4.5.
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Table 4.4: Number of void nuclei per unit area for Au, Co, Pd, and CoPd as
determined from SEM inspection.

Material | Ny, (/m°) SEM
Au 1.29 x 10** ;

Co 1.85 x 10%

500<C, 1 hour

Pd 1.11 x 10"

P

300<C, 2 hours
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CoPd 5.80 x 10™

0.0

500<C, 15 minutes

Table 4.5: Diffusion constant and activation energy to calculate surface
diffusivities of Au, Co, and Pd at different temperatures.

Material Dso (M?/s) Qs (eV) Ref.
Au 7.6x 10" 0.68 o7
Co 48x 10" 0.14 108
Pd 1.4 x10° 1.10 109

Equipped with Equation 4.2, Equation 4.3, Table 4.4, and Table 4.5,
one can now plot the time evolution of the exposed substrate area for Au, Co,
Pd, and CoPd. With appropriate values for the void incubation time (t;), the
generated curves agree with the experimental data, as shown in Figure 4.12a.

Since t; is a thermally-activated process, it obeys Arrhenius relationship,

E,
ti = tioexp (ﬁ)

Equation 4.4
where Ep is dewetting activation energy. Plotting In(t;)) as a function of 1/T
should then result in a straight line, as shown in Figure 4.12b. Taking into
account the error in predicting t;, the kinetic parameter Ex for Au, Co, Pd, and

CoPd can be extracted from the slope of each line and tabulated in Table 4.6.
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As can be seen, E value for each material is significantly lower than bulk and

GB diffusion, suggesting that void initiation is governed by surface diffusion.
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Figure 4.12: (a) Time evolution of the exposed substrate area during
dewetting of Au, Co, Pd, and CoPd. Fitted lines were obtained from JMA
analysis. (b) Arrhenius plots of the void incubation time for Au, Co, Pd, and

CoPd.
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Table 4.6: Extracted activation energy for Au, Co, Pd, and CoPd, in
comparison with activation energies for surface, GB, and bulk diffusion.

Material Ea (V) Easurface (V) | Eacs (€V) Eapuik (V)
Au 0.27+014 [04-14°°" |088-1.16%" |1.84~*

Co 1.18+043 |0.14™® 1.68 1% 2.94°

Pd 069+042 |[110™ - 2.76 %
CoPd 1.22+0.34 |- - -

4.6 Interparticle Spacing, Particle Density and Particle Size

It has been shown that interparticle spacing of dewetted nanoparticles is
proportional to the initial thin film thickness.?*" However, in our works, the
film thickness was fixed to be 25 nm and we were more interested to study the
effect of different material to the dewetted nanoparticles morphologies. As
shown in Figure 4.4 - Figure 4.7, the dewetting process starts with void
initiation. According to Mulins,*® when a polycrystalline film is heated, the
surface grooves at grain boundaries will deepen owing to surface diffusion and
evaporation — condensation processes. If there is sufficient energy, the grooves
will expose the substrate. At the same time, during the annealing process,
grain growth occurs. If there is no limitation to the growing grain size and
grain boundary grooving is uniform, we might predict the interparticle spacing
by estimating the grain size at the time void is formed. However, grain size in
thin film is generally proportional to the film thickness and grain boundary
grooving is not uniform, generally occurs at triple junction. Thus we cannot
take this approach.

Figure 4.13 summarizes interparticle spacing, particle diameter and
particle density of Co, CoPd (66.7 at. % Co), Pd and Au after annealing at
800<C for two hours. For each material, interparticle spacing and particle

diameter for each material were measured from 50 data points and particle
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density was determined by dividing the total number of particles with the SEM
imaging area with 30,000X magnification. As shown in the figure,
interparticle spacing, particle diameter and particle density are material-
dependent.

In Figure 4.13a, the average interparticle spacing increases in the
following order: Co, CoPd, Pd, Au. As the interparticle spacing is also
influenced by the diffusivity, the result shows an agreement with the
diffusivity trend shown in Table 4.2. Figure 4.13b shows that the average
particle diameter also increases in the same order as the interparticle spacing.
This trend is expected following volume conservation argument in that sparser
particles should have larger volumes. The experimentally determined particle
density is presented in Figure 4.13c. The large scatter bar presented in Figure
4.13a and b is due to the fact that the film is not patterned.'®*’ Figure 4.13d
shows that there is a correlation between particle density and hole density. Au
has relatively high hole density but ends up with low particle density due to
significant coarsening. Co, on the other hand, has relatively low hole density
but ends up with high particle density due to limited coarsening. This trend
can be explained in the diffusivity trend shown in Table 4.2. Initiated hole
density and final particle density are determined by surface self-diffusivity and
surface diffusivity on the substrate (Al,O3 in our case). High hole density in
Au is caused by its high surface self-diffusivity, but due to its high surface
diffusivity on Al,Os3, significant coarsening ensues, resulting in a low particle
density. Similar line of reasoning applies for Co.

From Figure 4.13, it can also be observed that the interparticle spacing,

particle diameter and particle density of CoPd lie in between that of Co and
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Pd. This is consistent with the observation of the dewetting rate of CoPd as

described in Section 4.5, in that CoPd dewets faster than Co but slower than

Pd.
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Figure 4.13: (a) Average interparticle spacings, (b) average particle diameter,
(c) particle density, and (d) particle vs. hole density, for different materials
after annealing at 800 <C for two hours.

4.7 TEM Studies

TEM study was performed to examine the microstructure of the films
and the nanoparticles at a higher magnification than SEM as well as to do
compositional EDX analysis. Figure 4.14a and b show the TEM images of as-
deposited CoPd thin film and CoPd thin film after annealing at 500<C for 15
minutes. Under this annealing condition, the film remains mostly continuous.
As can be seen, annealing causes grain growth in the film from ~10 nm to ~40
nm.

Figure 4.14c and d show the respective Selected-Area Electron
Diffraction (SAED) patterns of samples shown in Figure 4.14a and b,
respectively. As-deposited film shows planes from both Co and Pd. This is
expected because the layers are deposited sequentially. As can be seen in
Figure 4.14c, we can identify hcp Co <1010>, <0002>, <1011>, <1012>
planes, which indicate that as-deposited Co has an hcp structure. The SAED

pattern after annealing shows that hcp Co planes have disappeared. The
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resulting CoPd alloy has an fcc structure with random texture (no missing

plane).

(c) (d)
Figure 4.14: TEM images of CoPd thin film: (a) as-deposited and (b) after
annealing at 500<C for 15 minutes. (c) and (d) are SAED patterns from (a) and

(b), respectively.

When annealed at 800<C for 2-hours, the film has dewetted into an array
of particles. The particles can be single-crystalline or polycrystalline. Figure
4.15 shows a single-crystalline and a polycrystalline particle with their
respective SAED patterns. As can be seen in Figure 4.15c, the single-
crystalline particles do not have preferred texturing, i.e. all (111), (100), and

(110) orientations are present in the array of particles. Figure 4.16 shows
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more examples of polycrystalline particles. It can be seen that when the
particle was imaged with a different tilt-angle, a change in contrast is
observed, indicating the presence of multiple crystal orientations in a single
particle. Besides the high angle grain boundaries, some twinnings can also be

observed as shown in Figure 4.16b.

. 1]

5'1/nm 5 1/om [110] fecc

5 1/nm

(d)
Figure 4.15: TEM images showing (a) single-crystalline and (b)
polycrystalline CoPd particles after annealing at 800<C for 2 hours. (c) and (d)
are the SAED patterns for single-crystalline and polycrystalline particles,
respectively.
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©)
Figure 4.16: (a) and (c) are TEM images of CoPd particles after annealing at
800<C for 2 hours. (b) and (d) are 10<tilted images of (a) and (c) respectively.
Arrow in (b) indicates twins.

We performed EDX measurement on the particles dewetted from
different layer configurations to investigate the influence of number of layers
and layer sequence on material segregation among the particles. The results
reveal that at 800<C and 2-hour annealing time, there is little variation in the
elemental composition among the particles, indicating that Co and Pd have
mixed well prior to forming the particles.

We observed thickness variation in some of particles with different
contrast. Figure 4.17 shows the EDX line-scan and EDX mapping results of
such particle. As can be seen from the EDX line-scan some region has more
Co and more Pd than the other region, indicating thickness variation. The Co

at. % in this region is ~8% higher. Figure 4.18 shows that the profile of the
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EDX line scan does not change with a change in the tilt angle (0 and 10°).
This shows that EDX signal yield is independent of crystallographic
orientation. Particles with thickness variation can be observed in the tilted

view SEM image of the particle (Figure 4.19)
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Figure 4.17: (a) Polycrystalline CoPd nanoparticle, (b) the corresponding
EDX line-scan, (c) Co-element EDX mapping, and (d) Pd-element EDX

mapping.
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Figure 4.18: (a) TEM image of polycrystalline CoPd nanoparticle. (b) and (c)
are the corresponding EDX line-scan for tilt angle of 0=and 10 respectively.

2| 9/18/2013 | mag mode | HV WD | spot 500 nm
= [6:55:38 PM | 120000 x| CN [10.0kV |52 mm| 3.0

Figure 4.19: 80<tilted view of CoPd nanoparticles.

4.8 Summary

This study has provided a better understanding of the dewetting
mechanism of CoPd alloy, which is a miscible system. We establish that CoPd
alloy undergoes similar stages of dewetting as elemental materials. We found
that interstage transition and interparticle spacing are material-dependent,
particularly determined by surface diffusivity. CoPd interstage transition was

found to be in between Co and Pd. Equilibrium particle shape was predicted
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using Winterbottom construction and the results were compared with
experimental finding. CoPd particle shape was found to adopt a combination
of its Co and Pd constituents. We characterized the CoPd dewetting behavior
as a function of annealing temperature. Hole incubation temperature was
found to be material-dependent, that is lower for material with higher surface
diffusivity. Plotting the area fraction transformed as a function of homologous
temperature allows one to distinguish the effect of crystal structure. Fcc
materials (Au and Pd) exhibit unique characteristics as compared to hcp
material (Co). JMA analysis was used to predict the fraction of area
transformed for each material and agrees with the experimental data. \Void
incubation time and its dewetting activation energy were extracted for Au, Co,
Pd, and CoPd, and it was concluded that surface diffusion is the dominant

mechanism.
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Chapter 5. Solid-State Dewetting of Cobalt Gold

5.1 Introduction

In Chapter 4, we have presented a systematic study on the solid-state
dewetting of a miscible system, namely the CoPd system. In this chapter, we
investigate the dewetting characteristics of CoAu which forms immiscible
alloy in its whole range of composition at room temperature,*'® as shown by

the phase diagram for Co-Au system in Figure 5.1.
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Figure 5.1: Co-Au phase diagram.**°

Most immiscible alloy dewetting studies focused on its liquid-state
dewetting mechanism.*®*"**+112 However, for some applications, solid-state
dewetting is preferred, for example to maintain magnetic properties.*® Solid-
state dewetting is a surface diffusion process which is significantly different
from bulk diffusion in liquid-state dewetting. So far, studies on solid-state

dewetting of immiscible alloy has mainly focused on the synthesis of unique
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nanostructures, such as composite nanoparticles.”®’? Interestingly, several
miscible systems were found to exhibit phase separation and has been utilized
to fabricate porous nanostructures using selective chemical etching.®> In this
work, we focus on CoAu solid-state dewetting mechanism. As in Chapter 4,
we discuss dewetting stages, dewetting characteristics, morphologies and

compositional study of CoAu alloy.

5.2 Experimental Details

p-type Si (100) wafers were used as substrate for the dewetting
experiments. The wafers were covered with resist and cut into 0.5 cm x<0.5 cm
chips. The resist serves to protect the substrate from debris generated during
dicing. The samples were then cleaned in acetone for 30 minutes to remove
the resist followed by immersing in IPA for 5 minutes and rinsing with DI
water. For the next step, 100-nm Al,O3 layer was sputter-deposited on the Si
wafer, serving as a silicidation barrier. Afterwards, 25-nm CoAu films with
different composition were sputter-deposited as follows:

e Composition 1: 3-nm Co/22-nm Au

e Composition 2: 15-nm Co/10-nm Au

e Composition 3: 22-nm Co/3-nm Au

e Composition 4: 3-nm Au/22-nm Co

e Composition 5: 10-nm Au/15-nm Co

e Composition 6: 22-nm Au/3-nm Co

e Composition 7: 10-nm Co/15-nm Au
25-nm Co film and 25-nm Au film were also deposited to study the behavior

of the alloy material constituents.
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The samples were loaded into a furnace in forming gas ambient (10%
H,) with 1800 sccm flow rate. The furnace was then heated up with a ramp
rate of about 20C/minute to the setpoint temperature. It takes 1-2 minutes
before the temperature stabilizes. After maintaining the setpoint temperature
for the desired duration, the furnace was subsequently cooled down to room
temperature, which takes approximately 4 hours, before the samples were
retrieved. The sample morphology after annealing was characterized using
SEM (FEI Nova NanoSEM 230) and TEM (JEOL 2010F and JEOL3010).

Composition analysis was carried out using EDX (INCA x-sight detector).

5.3 Stages of Dewetting

As discussed in Section 4.4, metal thin films, including CoPd alloy
which is a miscible system, undergoes specific dewetting stages, which consist
of hole initiation, hole growth, interconnected islands, isolated islands, island
coarsening, and particles. In this section, we investigate if CoAu alloy as an
immiscible system also undergoes the same dewetting stages.

Figure 5.2 shows CoAu alloy thin films which consist of 15-nm Co and
10-nm Au (69.8 at. % Co) annealed at various temperatures for different
durations. As can be seen, the CoAu dewetting stages are similar to those of
CoPd. After annealing at 500<C for 15 minutes, formation of holes were
initiated on the CoAu thin film. Subsequently, the holes grew in number and
size after longer annealing time of 2 hours. When the sample was annealed at a
higher temperature of 550<C for 15 minutes, interconnected islands were
formed. When annealed further, the interconnected islands broke up into

irregular-shaped islands before going through coarsening process, as can be
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seen in the sample that was annealed at 600<C for 2 hours. Finally, after
annealing at 800<C for 2 hours, the particles evolved into mostly faceted

shape.

P

500°C, 15 mins 550°C, 15 mins

600°C, 15 mins 600°C, 2 hours 800°C, 2 hours

Figure 5.2: Stages of dewetting for 25-nm CoAu (69.8 at.% Co) film.

As discussed previously in Section 4.4, particles adopt faceted or
spherical shape depending on its surface energy anisotropy. Au has low ratio
of ymin / Ymax @nd thus prefers faceted shape while Co has relatively isotropic
surface energy and thus forms more spherical particles. In CoAu alloy, the
dewetted particles can consist of Au-rich and Co-rich regions. Figure 5.3
shows high magnification images of CoAu alloy (69.8 at. % Co) after
annealing at 800 <C for 2 hours. The sharp contrast in BSE image is caused by
the strong dependence of backscattered electron yield on atomic number.?* In
this case, Au has much greater atomic number than Co, i.e. Za, =79 and Z¢, =
27, respectively. Therefore, we can clearly distinguish the bright region as Au-
rich (Region A) and the dark region as Co-rich (Region B). Other studies on

the dewetting of immiscible alloy have also reported that a single particle can
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contain two different phases.”’® Figure 5.3 also revealed that the Au-rich
(bright) region is generally faceted while the Co-rich (dark) region can be

either faceted or spherical.

SE Image BSE Image

Figure 5.3: High magnification images of CoAu alloy (69.8 at.% Co) after
annealing at 800<C for 2 hours. A: faceted Au region, B: faceted Co region, C:
spherical Co particle.

5.4 Dewetting Characteristics

Interstage transition in CoAu alloy is determined by its composition as
well as its layer sequence. Figure 5.4 shows morphologies of 25 nm CoAu
thin films with three different Co layer thicknesses (3 nm, 15 nm and 22 nm)
and different layer sequence after annealing at 500<C for 15 minutes. Figure
5.5 shows corresponding BSE images of Figure 5.4. As can be seen, as the Co
content increases, the interstage transition becomes slower. CoAu with 3 nm
Co already formed mostly isolated islands while CoAu with 15 nm Co were
still in interconnected islands stage and CoAu with 22 nm Co were in hole
initiation growth. As a comparison, 25 nm Au film annealed under the same
condition has formed isolated islands and 25 nm Co film annealed under the
same condition was still continuous (Figure 5.6). This is due to the difference
in surface diffusivity, as listed in Table 4.2 (Chapter 4). From Figure 5.4, it
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can also be seen that the alloy set with Au underlayer (bottom row) dewets
faster than that with Co underlayer (top row). Since CoAu is an immiscible
sytem, the two layers can be assumed to dewet separately. It is thus expected
that if the underlayer dewets earlier, the topography will be an additional
driving force for the top film to dewet. In this case, Au dewets earlier than Co

as shown in Figure 5.6.

~N
&

3nm Co/22nm Au

22nm Au/3nm Co 10nm Au/15nm Co 3nm Au/22nm Co
Figure 5.4: Morphologies of CoAu thin films after annealing at 500 <C for 15
minutes.

3nm Co/22nm Au 15nm Co/10nm Au 22nm Co/3nm Au

22nm Au/3nm Co 10nm Au/15nm Co 3nm Au/22nm Co

Figure 5.5: BSE images of CoAu thin films after annealing at 500<C for 15
minutes.
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Figure 5.5 shows corresponding BSE images of Figure 5.4. The bright
part in the figure is Au and the darker part is Co. Under this annealing
condition (500<C for 15 minutes), the CoAu films with 22 nm Co were still in
the hole initiation stage, and require higher temperature of 600<C to form
interconnected islands, as shown in Figure 5.7.

When the film starts to break, the larger islands can be Au or Co rich
depending on its composition. For example, CoAu with 22 nm Au (Figure
5.5) produced Au-rich main islands while CoAu with 22 nm Co (Figure 5.7)
yielded Co-rich main islands. However, independent of the composition, the
smaller islands are generally always Co rich, as evident from the dark contrast

in the BSE images (Figure 5.5 and Figure 5.7).

Figure 5.6: Morphologies of Au and Co thin films after annealing at 500 C
for 15 minutes.

22nm Co/3nm Au 3nm Au/22nm Co

Figure 5.7: BSE images of 22nm Co/3nm Au and 3nm Au/22nm Co after
annealing at 600 <C for 15 minutes.
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The formation of two-phase particles as shown in Figure 5.3 and Figure
5.7 is noteworthy because of immiscibility between Au and Co, as shown in
the phase diagram (Figure 5.1). At dewetting temperature, e.g. 800<C, solid
solubility limit of Au in Co is ~ 1% and that of Co in Au is ~ 9%. However, as
the temperature is brought back to room temperature, solid solubility will drop
and the alloying can be weakened. However, the as-deposited films can
already be readily bonded due to two possible reasons. First, both Au and Co
are deposited in a high-vacuum environment so that adhesion between two
clean surfaces is established.'*® Au and Co are polycrystalline in their as-
deposited state. As a result, despite their high lattice mismatch, bonding
between dangling bonds of the two is still possible with an associated
semicoherent interfacial energy.® Second, any solid body within a small
separation establishes an attractive force due to dipole-dipole interaction or
VdWw force.

Consider two materials A and B with surface energies ya and yg. If the
two materials are joined, there will be a creation of new interface with energy
vas- Adhesion is favored if there is an energy benefit from destroying the two
free surfaces of A and B. The energy difference is called work of separation
according to,*’

Wsep =Va+ Ve —Van
Equation 5.1

Wsep for Au and Co on Al,O3 substrate have been calculated to be 0.86 and
1.19 J/m? respectively.®” For the case of no adhesion, the Winterbottom
construction will be reduced to Wulff construction for a free particle.>® Despite

their immiscibility, if we assume Au and Co form a semicoherent interface,

89



the interfacial energy is approximately 0.5 J/m?2 >*!** In other words, there
exists an adhesion energy between the two materials, which can be calculated
using Equation 5.1 to be 3.36 J/m? (assuming (100) planes of Au and Co form
the joined interface). This means that even though Au and Co dewet
separately, both materials are still attached to each other during dewetting,

resulting in two-phase particles, as shown in Figure 5.3b.

5.5 Interparticle Spacing, Particle Density and Particle Size

Figure 5.8 summarizes interparticle spacing, particle diameter and
particle density of Co, CoAu (69.8 at. % Co) and Au after annealing at 800C
for two hours. As shown in the figure, interparticle spacing, particle diameter
and particle density are material-dependent.

Unlike CoPd alloy which is a miscible system and behaves in between
Co and Pd, CoAu alloy behavior is more difficult to predict. In Figure 5.8a,
the average interparticle spacing of CoAu (15 nm Co and 10 nm Au or 69.8
at.% Co) is the smallest compared to that of Co and Au. Figure 5.8b shows
that the average particle diameter follows the same trend as the interparticle
spacing. This is expected due to volume conservation argument in that sparser
particles should have larger volumes. The experimentally determined particle
density is presented in Figure 5.8c. The large scatter bar presented in Figure

5.8a and b is due to the fact that the film is not patterned.'®?’
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Figure 5.8: (a) Average interparticle spacings, (b) average particle diameter
and (c) particle density for Co, CoAu (69.8 at.% Co) and Au after annealing at

800<C for two hours.

91



Layer Dewetting Scenario

Configuration B ————— L

3-nm Co/
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Figure 5.9: Schematics of different dewetting schemes for various CoAu
thicknesses and layer configurations.
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3nm Co/22nm Au 15nm Co/10nm Au 22nm Co/3nm Au

22nm Au/3nm Co 10nm Au/15nm Co 3nm Au/22nm Co
(b)
Figure 5.10: (a) Morphologies of CoAu thin films after annealing at 800 <C for
2 hours. (b) BSE images of CoAu thin films after annealing at 800 <C for 2
hours.

Figure 5.9 illustrates the different dewetting scenarios for different
thicknesses and layer configurations of the CoAu system. At this point, the
following three distinct morphologies can be made, namely A (predominantly
Au-rich with Co-rich segment), B (Co-rich), and C (balanced Au-rich and Co-
rich segments). Three possible scenarios can then be classified as follows:

1. Aand small B particles.
For thin Co/thick Au, Au starts to dewet until the Co surface is exposed,
after which the Co film will begin to dewet as well. Treated separately, Au
and Co dewet into particles with a range of sizes due to their not being
patterned. Au, being thicker, will form particles with a broader range of
sizes, comprising small and large ones. Meanwhile, Co will form mainly
small particles with a narrower size distribution. When combined, the

larger Au particle and the small Co particle will form particle A. On the
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other hand, the small Au particles will join the small Co particles, but will
evaporate during the annealing, leaving behind particle B. Similar
argument applies for thick Au/thin Co layer configuration. The final result
for both is a mixture of A and small B particles.

. Cand small B particles.

This occurs for the case of comparable Co and Au thickness. Each layer
dewets separately while maintaining good bonding due to adhesive energy
and VdW interaction between them, as explained earlier. As before, the
particle size will be in a range of sizes. The larger particles are of type C
while the smaller ones are of type B due to enhanced evaporation of the
Au portion. The final result is a mixture of C and small B particles.

Large and small B particles.

This occurs for the case of thick Co/thin Au and thin Au/thick Co. Each
layer dewets separately forming large and small Au/Co particles. The Au

portion evaporates, leaving behind small and large B particles.

It can be seen that the final morphology of the CoAu film is dependent on

thickness, but independent of layer configuration.

The SEM images for different compositions of CoAu alloy after

annealing at 800 <C for two hours are shown in Figure 5.10a. Overall trend for

interparticle spacings, particle size and particle density is difficult to observe.

The SEM images of Co and Au annealed at the same conditions are shown in

Figure 5.11 as a comparison. Figure 5.10b shows corresponding BSE images

of Figure 5.10a. The bright area shows Au-rich region while the darker area

shows Co-rich region. For 3 nm Co/22 nm Au and 22 nm Au/3 nm Co, the

dewetted particles can be grouped into large Au-rich particles and small Co-
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rich particles. For 15 nm Co/10 nm Au and 10 nm Au/15 nm Co, there are two
phases in a single particle. However, for 22 nm Co/3 nm Au and 3 nm Au/ 22
nm Co, there is no observable contrast, indicating that during the annealing
process the Au-rich part were evaporated and left with Co-rich particles. These
observations in Figure 5.10 agree well with the dewetting scenarios proposed

in Figure 5.9.

25nm Co

Figure 5.11: Morphologies of Au and Co thin films after annealing at 800<C
for 2 hours.

Table 5.1: Calculation of atoms evaporated during annealing at 800<C for 2
hours for 3 nm Au and 3 nm Co. Sample size is 0.5 cm x 0.5 cm.

Material | p (9/cm®) | My (g/mol) | Pg,(Torr) # Atoms #Atoms | % Volume
(atoms/cm2 s) | evaporated | available | remaining

19.3 3x 108 2.3x10%2 4.1x10% 4.4x10%
Co 8.9 59 ~1x10° 1.4x10% 2.5x 101 6.8x 10% 96.3

A very thin Au film (3 nm) is expected to form only small part of the
dewetted CoAu particles. As the desorption of Au is significant at elevated
temperature,® a very thin Au film (3 nm) is expected to desorb completely.

The evaporation rate (Re) of atoms can be estimated by Langmuir equation**®

1
== (3513 X 1022)(MWT)_§Peq,T

Equation 5.2
where My is the molar mass of the atom (g/mol), T is the annealing

temperature (K) and Peq 7 is the equilibrium vapor pressure at T. Data for Peqt

is taken from the work of Honig.'*® Table 5.1 shows the calculation for the
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atoms evaporation process during annealing at 800<C for 2 hours. As can be
seen, significant amount of Au atoms has evaporated from 3 nm Au with only
6.8 % volume left while for the same thickness, the % volume remaining for
Co is still as high as 96.8. It is therefore expected that in the case of CoAu
alloy with 3 nm Au, the Au component has almost completely evaporated after
the annealing. This is supported by the observation in Figure 5.10b where all
the particles seem to be composed mainly of Co. While for the case of CoAu
alloy with 3 nm Co, small Co nanoparticles are still observable after annealing
due to the nominal amount of evaporated Co atoms.

Since Co and Au are immiscible, we may treat Co-rich and Au-rich
particles separately. This is clearly illustrated in the case of 3 nm Co/22 nm
Au and 22 nm Au/3 nm Co, where the particle distribution consists of small
particles which are Co-rich and larger particles which are Au-rich. Figure
5.12 shows that the large particles are faceted and are surrounded by smaller
Co-rich particles with the dotted line indicating the trace of a dewetted Au
patch. This suggests that during dewetting, separation of Co-rich material and
Au-rich material already took place before particle formation. Thus, we may
estimate the interparticle spacing and particle density for Au-rich particles and
Co-rich particles separately.

From Figure 5.11, average interparticle spacings for 25 nm Au thin film
and 25 nm Co thin film after annealing at 800 <C for 2 hours are ~1060 nm and
~540 nm respectively. Interparticle spacing is proportional to initial film
thickness.®! Thus, interparticle spacings for other thicknesses of Au and Co

thin films can be predicted as given in Table 5.2. Figure 5.12a, b and ¢ show
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that the measured interparticle spacings for 22 nm Au/3 nm Co, 3 nm Co/ 22

nm Au and 10 nm Co/15 nm Au match the estimated values.

Table 5.2: Estimated interparticle spacings of Au and Co for various
thicknesses.

m Estimated spacing — Au (nm) | Estimated spacing — Co (nm)
3

130+ 40 70+ 30
10 430 £ 140 220+ 90
15 630+ 210 320+ 130
22 940 + 300 470 + 200
25 1060 + 340 540 £ 220

ateral | Predciea om

Co 70 + 30 60 + 20

Au 940 + 300 850 + 260

22nm Au/3nm Co 2 pm
(a)
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M escss |

70+ 30 7030
Au 940 £ 300 910 £ 400
(b)

el | rediteaom)

Co 220+ 90 120+ 30
Au 630+ 210 530+ 190

10nm Co/15nm Au

(©)
Figure 5.12: (a) 22 nm Au/3 nm Co and (b) 3nm Co/ 2 nm Au after annealing
at 800<C for 2 hours. The dotted line demarcates the trace of dewetted Au

patch. The scale bar is 2 um.
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Figure 5.12a, b and c also show that the small Co-rich particles are
separated in clusters by the Au-rich particles. Thus, it is possible to create
clusters of nanoparticles array without resorting to lithography. We may be
able to further tune the spacing and size of clusters by varying the thickness of
each layers of the CoAu film. These clusters of nanoparticles may find

application in Raman imaging™"**®

or as sensors for DNA, heavy metal ions
and proteins.™*®

For 15 nm Co/10 nm Au and 22nm Co/3 nm Au, it is difficult to
differentiate between Co-rich particles and Au-rich particles. Clear difference
between Co-rich and Au-rich particles can only be observed in CoAu alloy
with high Au composition (Au-to-Co volume ratio > 1.5) as shown in Figure
5.12. For these figures, the predicted interparticle spacings match the

measurement.

We can also estimate the particle density as:

D=;

where a oc h ?°, so that we can write,

Equation 5.3

where D is particle density, a is average interparticle spacing, h is initial film
thickness, and Dy is particle density for film thickness of 25 nm, which is
determined from our experiment. The estimated particle density of Au and Co

for different initial film thicknesses is listed in Table 5.3.
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Table 5.3: Estimated particle density of Au and Co for different initial film

thickness.

m Estimated density — Au (cm™2) Estimated density — Co (cm™2)
3

7.7 x 10 2.5x 1010
10 6.9 x 108 2.3x10°
15 3.1x 108 1.0x 10°
22 1.4x 108 4.7 x 108

Table 5.4 shows the calculated particle densities of CoAu alloy, which

roughly match the estimated values. For CoAu alloy with distinguishable Co-

rich and Au-rich particles, the particle density can be calculated separately.

For CoAu alloy with larger Co composition (22 nm Co and 15 nm Co), the

particle density is calculated by taking the overall particles and the estimation

value is obtained by adding up the particle density of Co and Au for the

respective thicknesses.

Table 5.4: Measured particle density of CoAu alloy. Estimated value is given

for comparison.

3nm Co/ 22 nm Au
10 nm Co/ 15 nm Au
15 nm Co/ 10 nm Au
22 nm Co/ 3 nm Au
22 nm Au/3 nm Co

10 nm Au/15 nm Co
22 nm Co/ 3 nm Au

5.6 TEM Studies

Au=1.4x108
Co=1.2x1010
Au=1.4x108
Co=4.7x10°

2.0x10°
3.6x 10°

Au=2.3x108
Co =5.6 x 1010

3.9x 10°
4.4 x10°

Au=1.4x108
Co=2.5x1010
Au=3.1x108
Co=2.3x10°

1.7x10°
8.2x 10°

Au=1.43x 108
Co=2.51x10%

1.7 x 10°
8.2 x10°

TEM study was performed to examine the microstructure of the films

and the nanoparticles at a higher magnification than SEM as well as to do
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compositional EDX analysis. Figure 5.13a and b show TEM images of CoAu
alloy (69.8 at.% Co) after annealing at 800<C for 2 hours. As can be seen, the
larger particles commonly consist of bright and dark areas. The dark area here
corresponds to Au and the bright area corresponds to Co as opposed to the
contrast in BSE images. In the bright field imaging, lighter material (small Z)
scatters the incoming electrons to smaller angle.** Consequently, more
electrons will reach the detector resulting in the bright image. Most of the
particles are faceted. Besides the high angle grain boundaries, some twinnings
can also be observed.

It is interesting to note that the smaller particles are rich in Co. As shown
earlier in Figure 5.8b, Co particles are smaller in size compared to Au
particles dewetted from the same film thickness. Since each layer dewets
independently for the CoAu system, the smaller particles are expected to come
from the Co counterpart. Since solid solubility limit of Au in Co is very
limited (~1% at 800 <C) compared to Co in Au (~9 % at 800<C), as dictated by

the Co-Au phase diagram™*°

, these small particles are expected to be rich in Co
and no significant ‘alloying’ was observed. EDX measurement confirms that
the small bright particles are Co-rich with Co concentration ~99%.

EDX measurement was also performed on the particles which show
different contrast. Figure 5.14 shows the EDX line-scan and EDX mapping
results of such particle. As can be seen from the EDX line-scan, the region
with darker contrast is Au-rich with Au concentration ~ 87% and the region

with Dbrighter contrast is Co-rich with Co concentration ~ 99%. Co is

incorporated more into the Au-rich region and not the opposite, because of
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larger solid solubility limit of Co in Au compared to Au in Co, as explained

earlier.

-

¥
Wi
%

,

1bQ nm '

(@) | (b)
Figure 5.13: (a) and (b) CoAu (69.8 at.% Co) alloy after annealing at 800C
for 2 hours.

200nm ! Cobalt Ka m

(b)

(c) (d)
Figure 5.14: (a) CoAu nanoparticle, (b) the corresponding EDX line-scan, (c)
Au-element EDX mapping, and (d) Co-element EDX mapping. Scale bar for
(@) is 100 nm.
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5.7 Summary

This work has provided a better understanding of solid-state dewetting
mechanism of CoAu alloy, which is an immiscible system. We have
established that CoAu alloy undergoes similar stages of dewetting as miscible
alloy and elemental materials. We found that interstage transition and
dewetting morphology depend on alloy composition. For the same
composition, Au underlayer will give faster dewetting rate compared to Co
underlayer. We have characterized the morphology of dewetted particles in
terms of interparticle spacing, particle density, and particle size, and for CoAu,
they were found not to lie between its parent materials. Dewetted CoAu flm
forms two separate phases. Three possible scenarios were proposed to
distinguish the dewetting morphologies for different Au/Co thickness ratio.
For CoAu alloy with high Au composition (Au-to-Co volume ratio > 1.5), Au-
rich particles and Co-rich particles are distinguishable and thus, they can be
treated separately. We are able to predict the interparticle spacings and particle
densities for both Au-rich and Co-rich particles. For this range of composition,
we demonstrated the possibility to create clusters of nanoparticles array
without resorting to lithography. We may be able to further tune the spacing
and size of clusters by varying the thickness of each layers of the CoAu film.
These clusters of nanoparticles may find application in Raman imaging'!"**®
or as sensors for DNA, heavy metal ions and proteins.™™® The EDX results
show that Au incorporation into Co-rich region is only about ~1% and Co

incorporation into Au-rich region is about ~ 13% which is close to the value

predicted by the Co-Au phase diagram.
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Chapter 6. Magnetic Properties of CoPd and CoAu

Nanoparticles

6.1 Introduction
Magnetic metal nanoparticles arrays have gained considerable interest

120,121

for applications in high density information storage, sensor

122123 and as catalysts for carbon nanotube growth'**'?* Cobalt is

technology
one of the widely used materials in information storage industry due to its
uniaxial anisotropy (7 x 10° erg/cm?®) at room temperature.?® Crystallographic
structures of Co at room temperature is hexagonal close-packed (hcp) which
changes at 450C to a face-centered cubic (fcc) form.**” Fcc Co s
approximately ten times lower in anisotropy compared to hcp Co.*?

In Chapter 4 and Chapter 5, we have presented systematic studies on
CoPd and CoAu nanoparticles formation by solid-state dewetting. This low-
cost method produces arrays of nanoparticles with a range of sizes and
spacings. Alloying of Co with other materials is common to improve the
properties. For example, Oh et al. demonstrated that CoPt alloy can produce
L1, particles with strong magnetocrystalline anisotropy and out-of-plane
(OOP) easy axis.® In comparison, Co nanoparticles array by solid-state
dewetting have mostly fcc phase with little anisotropy.?®

During the dewetting process, crystallographic structures and magnetic
properties changes with temperature. In this chapter, we investigate the

magnetic properties of the CoPd and CoAu nanoparticles after dewetting at

800<C in terms of the geometry, phase transformations, and crystal structure

104



of the CoPd and CoAu nanoparticles, and compared them to as-deposited

films.

6.2 Experimental Details

p-type Si (100) wafers were used as substrate for the dewetting
experiments. The wafers were covered with resist and cut into 0.5 < 0.5 cm?
chips. The resist protected the substrate from debris generated during dicing.
The samples were then cleaned in acetone for 30 minutes to remove the resist
followed by immersing in IPA for 5 minutes and rinsing with DI water. For the
next step, 100-nm Al,O3 layer was sputter-deposited on the Si wafer, serving
as a silicidation barrier. Afterwards, 25-nm of Co, CoPd (15 nm Co/10 nm Pd)
and CoAu thin films (15 nm Co/10 nm Au) were sputter-deposited.

The samples were loaded into a furnace in forming gas ambient (10%
H,) with 1800 sccm flow rate. The furnace was then heated up with a ramp
rate of about 20<C/minute to the setpoint temperature. It takes 1-2 minutes
before the temperature stabilizes. After maintaining the setpoint temperature
for the desired duration, the furnace was subsequently cooled down to room
temperature, which takes approximately 4 hours, before the samples were
retrieved. The sample morphology after annealing was characterized using
SEM (FEI Nova NanoSEM 230) and TEM (JEOL 2010F and JEOL3010).
Composition analysis was carried out using EDX (INCA x-sight detector).
Magnetic measurements were made with a vibrating sample magnetometer

LakeShore 7404 (up to 10 kQOe).
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6.3 Magnetic Properties of Deposited Films

In a thin film, shape anisotropy generally dominates, leading to an easy
plane of magnetization along the plane of the film and a hard plane of
magnetization along the growth direction of the film, as can be seen in Figure
6.1.12%1% Magnetostatic energy (Eys) is stored in the magnetic field according

t0,130

1 2
Ho all space
Equation 6.1

This equation implies that the left configuration in Figure 6.1 resulted in a
high magnetostatic energy due to the dense field lines. The right configuration
only has the magnetic field mostly confined at the edges of the thin film and

results in low magnetostatic energy.

Magnetic anisotropy total energy, for a film with uniaxial anisotropy
oriented perpendicular to the plane, can be expressed in its simplest form as'?®:

EtOt = (_ZT[MS? + Kl)SlnzeM
Equation 6.2

where the quantity -27M2 is the macroscopic shape anisotropy term that
strongly favors in-plane (IP) magnetization, K; is the first-order
magnetocrystalline anisotropy parameter and 6y is the angle between the
magnetization and the sample surface normal. Only when the
magnetocrystalline anisotropy is stronger than the shape anisotropy, the easy

plane of magnetization will be perpendicular to the film plane.
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High Energy Low Energy
Figure 6.1: Magnetostatic field lines in a thin film for high-energy and low-
energy configurations. Shape anisotropy in thin film always favors an in-plane
magnetization (arrow=magnetization).

Figure 6.2 shows the in-plane magnetic hysteresis loop measured at
ambient temperature for as-deposited 25-nm-thick films of Co, CoPd and
CoAu on a smooth Al,O3 substrate. The as-deposited film shows the expected
strong in-plane magnetic anisotropy which is expected due to the shape of thin
film (hard axis saturation field > 10 kOe as shown in Figure 6.3). The in-plane
loop shows that the saturation magnetization Ms is close to that of bulk Co
(1400 emu cm’®). The in-plane coercivity is ~100 Oe, which means we need to
apply this value of magnetic field to totally demagnetize the material, with

remanence close to 1100 emu cm,

——Co CoPd —@—Cofu
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Figure 6.2: In-plane magnetic hysteresis loops from as deposited 25-nm-thick
Co, CoPd and CoAu films.
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Figure 6.3: Out-of-plane magnetic hysteresis loops from as deposited 25-nm-
thick Co, CoPd and CoAu films.

It is also observed that for both in-plane (Figure 6.2) and out-of-plane
(Figure 6.3) directions, the magnetic hysteresis loops are identical for Co,
CoPd, and CoAu, indicating that only Co contributes to the magnetic signal.
CoPd and CoAu films are deposited sequentially and there is no intermixing

between the two dissimilar materials at room temperature.

6.4 Magnetic Properties of CoPd Nanoparticles

To create CoPd nanoparticles, the thin film was annealed at 800 <C for 2
hours in forming gas ambient (10% H,). The SEM image of CoPd
nanoparticles is shown in Figure 6.4. The SEM image of Co nanoparticles is
also shown for comparison. Figure 6.5 shows the in-plane and out-of-plane

magnetic hysteresis loops for both nanoparticles.

15nm Co/10nm Pd 25nm Co

Figure 6.4: SEM images of CoPd and Co thin films after annealing at 800<C
for 2 hours in forming gas ambient.
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As can be seen from Figure 6.4, the dewetted nanoparticles have nearly
spherical shapes and vary in size and distribution. The SAED result of CoPd
thin film after annealing in Section 4.7, also shows the presence of fcc phase.
Furthermore, TEM results show that not all of the particles are single
crystalline and some twinnings are observed. As a result, the magnetic
hysteresis loops of dewetted Co and CoPd nanoparticles show reduced
anisotropy (Figure 6.5). This result is consistent with the work of Oh et al.?
which shows low anisotropy fcc phase in Co particles after annealing. Both
CoPd and Co show vanishing coercivity after annealing. This is expected
because after annealing, the particles adopt spherical shape and fcc crystal
structure so that the magnetization is easy to change, i.e. they become soft
ferromagnets. Superparamagnetic effect is not expected because the particle
size is larger than 100 nm, while the superparamagnetic limit is generally

below 10 nm. 134132

As can be seen in Figure 6.5, after annealing, CoPd nanoparticles
exhibit smaller saturation field as compared to Co. Magnetic response of a
material is determined by three dominant anisotropies, namely shape,
magnetocrystalline, and magnetoelastic. Since both CoPd and Co
nanoparticles are spherical in shape and adopt fcc crystal structure, the
difference in the magnetic response should be caused by the magnetoelastic

effect. Magnetoelastic energy is given by,

EO‘ = E X/MsO'SinZHMS

Equation 6.3
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where Avs IS the magnetostriction constant, o is the uniaxial stress applied
along a certain direction, and Oys is the angle between the magnetization and
the stress direction. Comparing the lattice constants of Pd (3.889 A)*** and Co
(5.057 A)**, it can be seen that compressive stress is applied to the Co atoms
in the CoPd alloy system. Since Co has negative magnetostriction constant,**®
the magnetoelastic energy as given in Equation 6.3 is minimized in the
direction of applied compressive stress (because the product of Ays o is
positive). Consequently, it is easier to saturate the magnetization along this
direction. Figure 6.5 indeed shows that the required magnetic field to saturate
the magnetization decreases (from 4 kOe to 3 kOe for IP direction and from 9
kOe to 6 kOe for OOP direction) for CoPd as compared to Co.

For Co after annealing, the saturation magnetization is reduced to ~ 1250
emu cm’, which is about 10% reduction as compared to that of as-deposited
Co film. This decrease can be attributed to post-annealing oxidation. For 25-
nm Co film, the nanoparticles formed through dewetting process have an
average diameter of ~ 200 nm. Assuming the particle shape is hemispherical

with radius r, the grown oxide thickness (8) to account for the 10% reduction

in Ms can be calculated as follows,

AVolume 010
Volume
2nr?s
=0.10
§TL'T'3
0.10r
0= ~3nm
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At room temperature, oxidation of bulk Co saturates at an oxide thickness of ~
1 nm.*®" However, enhanced room-temperature oxidation in nanoparticles has

been reported with the oxide thickness reaching ~ 3 nm.**®

L0 as-deposited IP m— Coannealed IP s CoPd annealed IP
== o as-deposited OOP === Coannealed OOP CoPdannealed DOP
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Figure 6.5: In-plane and out-of-plane magnetic hysteresis loops from CoPd
and Co nanoparticles. The magnetic hysteresis loop from as-deposited Co is
also shown as a comparison.

For CoPd alloy, M;s value is consistent with other reports which found
that the M; per volume of the alloy decreases as compared to pure Co case.
139140 However, the Ms value actually increases if calculated per Co atom

on |y139,141—143

, as can be seen in Figure 6.5. The inclusion of Pd seems to
improve the resistance to oxidation. However, this alone cannot explain the
increase in M. It was argued that strong exchange interaction between the 4d
electrons of Pd and the localized 3d electrons on the Co polarizes the Pd

atoms. Thus, the Pd atoms also contribute to the total Ms, %%
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Table 6.1: Comparison of saturation moment of CoPd alloy from our
experiment and Bozorth et al.’s wor

Reference Ms of Co Ms of 66.7 at.% | Ms of 66.7 at.% | % Increase in
(emu/cc) CoPd per CoPd | CoPd per Co Ms per atom Co
atom (emu/cc) atom (emu/cc)
18

k.139

Our work 1400 1000 1650
Bozorth et al. 1430 1180 1690 18

6.5 Magnetic Properties of CoAu Nanoparticles

To create CoAu nanoparticles, the thin film was annealed at 800<C for 2
hours in forming gas ambient (10% H,). The SEM image of CoAu
nanoparticles is shown in Figure 6.6. The SEM image of Co nanoparticles is
also shown for comparison. Figure 6.7 shows the in-plane magnetic hysteresis

loops for both nanoparticles.

Doy’ @

'15nm>Co/10nm Au o C’ 25nm Co
Figure 6.6: SEM images of CoAu and Co thin films after annealing at 800<C
for 2 hours in forming gas ambient.

As can be seen from Figure 6.6, the dewetted nanoparticles have nearly
spherical shapes and vary in size and distribution. Magnetic hysteresis loops of
CoAu nanoparticles show low anisotropy and vanishing coercivity with
similar shape to Co nanoparticles loop (Figure 6.7). This is expected because
Co-Au is an immiscible system and Co is transformed into fcc phase after

annealing and is consistent with the work of Oh et al.?

112



The only difference from Co and CoAu nanoparticles loops is that for
CoAu, the saturation magnetization is further reduced to ~ 1100 emu cm™.
This is about 20% reduction from the as-deposited film signal, compared to
only 10% reduction for Co nanoparticles. As explained in Section 6.4, this
decrease can be attributed to post-annealing oxidation. Average diameter of
CoAu nanoparticles is ~100 nm. Thus, it is expected that larger volume
fraction of the nanoparticles was oxidized compared to Co which has diameter

of ~200 nm. Similar as before, the grown oxide thickness can be calculated as,

AVohune__OZO
Volume
2nr?s
= 0.20
gnr3
0.20r
6= 3 ~3nm

which is consistent with our obtained & value earlier.
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Figure 6.7: In-plane and out-of-plane magnetic hysteresis loops from CoAu

and Co nanoparticles.
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6.6 Summary

This study has provided a better understanding of the magnetic
properties of miscible and immiscible alloy particles, in particular CoPd and
CoAu systems. The as-deposited films show the expected in-
plane magnetic shape anisotropy. After annealing, the magnetic behavior of
dewetted Co, CoPd and CoAu nanoparticles show little anisotropy due to low
magnetocrystalline and shape anisotropy of the nearly spherical fcc particles.
Furthermore, the dewetted particles vary in size and distribution due to the
absence of templating. In addition, strong exchange interaction between Pd
and Co resulted in an increase in the total Ms. For CoAu system, the magnetic
hysteresis loops are similar to those of Co. This is expected because Co-Au is
an immiscible system and the magnetic contribution comes solely from Co.
The Ms of Co and CoAu nanoparticles slightly decreased due to post-annealing
oxidation. For a possible application as information storage, an ordered array
of nanoparticles with uniform size and distribution is necessary, which is
possible with proper templating. We might also explore other type of alloy that

will form particles with strong magnetocrystalline anisotropy.
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Chapter 7. Synthesis of Silicon Oxide Nanowires and

Nanotubes with CoPd or Pd Catalysts

7.1 Introduction
A phenomenal amount of interest has been devoted to the exploration of
the potential of one-dimensional nanostructures for future electronic, sensing

and energy generating devices and systems. For example, silicon nanowires

4

have been successfully implemented as field effect transistors,*** chemical

146

sensors,**® and solar cells,*® and carbon nanofibers have been investigated for

147,148

field emitting applications. Silicon-based nanowires have been

149-152 153,154
S

synthesized by VL and SLS mechanisms using a gas or solid
precursor. There are also reports on growth of silicon-based nanowires by the
same mechanisms without using an external silicon source, in which the
source of silicon is the substrate itself.**>*%

Au is the most common metal catalyst used to grow Si nanowires. There

d155,160 161-163

are several reports that used P or Co as catalyst for Si or silicon
oxide nanowires or nanotubes. Pd is sometimes used in form of Pd/Au alloy.
The growth mechanism of the Si-based nanowires or nanotubes using Pd or
Co catalyst can be distinguished as follow: if the growth uses external Si
supply (e.g. silane), the growth temperature can be lower than the eutectic
temperature of the metal-Si and the catalyst remains solid during the growth
process; if the supply of the Si comes from the substrate/wafer itself (either in

solid, liquid, or vapor phase), the temperature is usually high and the catalyst

will generally be in liquid state during the growth process. Other metals such
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as Sn,1*41% molten Ga,'®® In,>* Ni, Fe,03, CuS, Mn, Ir, MnPt;®* have also

been tried. Recently, the VSS mechanism has also been employed to grow Si-

167-173 163,172,173

based nanowires and nanotubes using metal catalysts such as Au,
Al, Co silicide, and Pd silicide by chemical vapor deposition.

When the VSS mechanism is operational, a gas precursor needs to be
supplied to grow the nanowires or nanotubes but the growth temperature is
significantly lower than that required for the VLS and SLS mechanisms,
namely lower than the eutectic temperature of the metal catalyst—Si.

After exploring the dewetting of CoPd in Chapter 4, in this chapter, we
explore its use as a catalyst for growth of silicon nanowires and nanotubes
without an external silicon source and compare the results with Co and Pd
catalysts. These Si nanowires and nanotubes were oxidized in-situ during
growth so the resulting nanowires and tubes consisted of silicon oxide. We
first studied the dewetting characteristics of Co, Pd, and CoPd thin films on
top of a silicon oxide layer in order to obtain suitable metal catalysts for the
synthesis of silicon oxide nanowires and nanotubes. We examine the
influences of ambient atmosphere, annealing temperature, catalyst and choice

of substrate on the structural properties of the silicon oxide nanostructures and

propose a growth mechanism for the nanostructures.

7.2 Experimental Details

Si wafers of (100) orientation were cleaned in acetone for 30 minutes
and isopropanol for 5 minutes, followed by rinsing in de-ionized water. Two
types of diffusion barrier were used: (i) silicon oxide (85 nm and 500 nm thick

layers) and (ii) aluminum oxide (10 nm and 100 nm thick). The silicon oxide
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layer was grown by wet oxidation. The aluminum oxide layers were sputter-
deposited at a deposition rate of ~ 1 nm/min in a system with a base pressure
of ~ 1 x 10° Torr. Co, Pd and CoPd films with thicknesses of 19 nm and 57
nm were deposited on the Si substrate by magnetron sputtering with a base
pressure of 5 x 10 Torr. The deposition rate of Co was 0.24 A/s and the
deposition rate of Pd was 0.33A/s. The 19 nm CoPd layer stack consisted of a
5 nm Pd underlayer then four bilayers of 0.5 nm Co/3 nm Pd. The 57 nm CoPd
film was obtained by repeating the stack three times.

For the samples with a pre-patterned catalyst, a hole-array was first
defined in a photoresist layer using interference lithography followed by metal
deposition and lift-off. For pattern transfer into the aluminium oxide layer, the
sample was etched in 7:1 buffered hydrofluoric acid (BHF) for ~ 1 minute.
All the samples were annealed at annealing temperatures in the range of 650-
1050 °C in N, or forming gas (90% N, + 10% H,) ambient (99.995% purity).
The structure and composition of the catalysts, nanowires and nanotubes were
characterized using field emission scanning electron microscopy (FESEM),
high-resolution transmission electron microscopy (HRTEM) and the energy
dispersive X-ray spectroscopy (EDX) was performed using a JEOL 2010F

system.

7.3 Catalyst Dewetting

Si wafers with an oxide layer of 85 nm were coated with Co, Pd, and
CoPd films, each of 19 nm thicknesses. Table 7.1 summarizes the annealing
results of Co, Pd, and CoPd films annealed at 650, 750, and 950<C for 30

minutes in N and forming gas ambient. Figure 7.1 shows some representative
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SEM images of Co, Pd, and CoPd annealing results in forming gas ambient.

Other annealing results with different parameters can be found in Figure 7.2 -

Figure 7.4.

Table 7.1: Summary of annealing results of Co, CoPd and Pd thin films.

ambient | temperature | annealing results crater
Co My 650 °C continuous film with voids (~100nm) no
750 °C continuous film with large number of smallervoids | no
(~30nm)

950 °C continuous film no
forming | 650 °C mixture of separated islands and networks no
gas 750°C separatedislands (averagesize ™350nm; average no

interparticle distance ™750nm)

950 °C separated islands (averagesize ~200nm; average no

interparticle distance ~400nm)
Pd ' 650 °C interconnectedislands no
750°C interconnectedislands no

950 °C elongated islands with neckings no
forming | 650 °C separatedislands (averagesize ™300nm; average no
gas interparticle distance ™ 550nm)

750°C short nanowires (length ™ 150 nm; average yes

diameter of spherical metal particles ™ 300nm)

950 °C short nanowires (length ™ 200 nm; average yes

diameter of spherical metal particles ™ 200nm)
CoPd | N3 650 °C continuous film with some voids of irregular shapes | no
750°C interconnectedislands with cobalt oxide underlayer | no

950 °C separated islands with cobalt oxide underlayer no
forming | 650 °C elongated islands with neckings no
gas 750°C spherical metal particles (average size ~400nm),a | yes

few have short nanowires (< 50nm)

950 °C few deep pits (length ™ 2-3 pum; width ™ 700nm- yes

1pm) with long wires (~800nm - Spm) surrounding
them and short wires (~200nm) away from the pits
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(a) Co, 850°C, 30 mins (b) Co, 950°C, 30 mins

() Pd, 850°C, 30 mins

(e) CoPd, 850°C, 30 mins

Figure 7.1: SEM images of Co, Pd, and CoPd films annealed at different
annealing temperatures and durations in forming gas ambient (as indicated in
the inset).
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(a) 650°C, 30 mins ' ‘ (b) 650°C, 30 mins

(c) 750°C, 30 mins : (d) 750°C, 30 mins

(e) 950°C, 30 mins (f) 950°C, 3 hours

Figure 7.2: SEM images of Co films annealed at different annealing
temperatures and durations in N, ambient (a, ¢, €) and forming gas ambient (b,
d, f).
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(a) 650°C, 30 mins

Figure 7.3: SEM images of Pd films annealed at different annealing
temperatures and durations in N, ambient (a, ¢, €) and forming gas ambient (b,
d, f).
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(a) 650°C, 30 mins

(c) 750°C, 30 mins

(e) 950°C, 30 mins

Figure 7.4: SEM images of CoPd films annealed at different annealing
temperatures and durations in N, ambient (a, ¢, €) and forming gas ambient (b,

d, f).

Figure 7.1a and b and Figure 7.2b, d and f show dewetted Co particles
annealed in forming gas ambient. Co films started to dewet at 650<C in the
forming gas. For Co films annealed in N, ambient, the film started to dewet
and developed voids of diameter ~100nm at 650<C. At 750<C, however, the

voids were smaller and at 950<C, the film remained continuous. We suggest
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that during annealing of Co films in forming gas ambient, the H, in the
forming gas prevents formation of cobalt oxide, enabling the film to dewet.'”’
It appears likely that annealing in the N, ambient caused partial oxidation of
the Co film and this hindered the dewetting process. With N, gas of 99.995%
purity and assuming the rest of the composition is comprised of oxygen, an O,
partial pressure of 10° atm is obtained. From the Ellingham diagram®’, the
equilibrium O, pressure for the formation of cobalt oxide (2Co + O, — 2Co0)
at 650C - 950 is about 10™® — 10"° atm. This implies that the CoO
formation is always favored in our experimental conditions.

Palladium oxide is not expected to form at 650 to 1050<C in forming gas
ambient because the Gibbs free energy for palladium oxide formation is
always larger than the water vapor formation.*®” Even in N, ambient with a
purity of 99.995%, assuming all the rest of the residue gases is oxygen, this
will give an oxygen partial pressure ~10™ atm. However, the oxygen partial
pressure needed to form palladium oxide at this temperature must be greater
than 4x10° atm.*"* Therefore, no palladium oxide formation is expected in N
ambient as well.

The Pd films partly dewetted in N, at 650<C but formed well separated
islands at 950C (Figure 7.3a, ¢, €). In forming gas, however, the morphology
was very different (Figure 7.1c, d and Figure 7.3b, d, f). Well defined islands
formed at 650°C, but after 30 min at 750 - 950<C, short nanowires were
observed with metal catalyst particles at the top of the nanowires, and reaction
of the substrate was evident, forming shallow circular pits. The catalyst size

reduced from 300 to 200 nm as the annealing temperature increased. After an

anneal at 950<C for 3 hours followed by 1050<C for 1 hour, Figure 7.1le,
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inverted pyramidal pits (marked as “X”) were evident, surrounded by
significantly longer nanowires.

In the case of CoPd, the Pd content was 86 atomic %. From the CoPd
phase diagram,®® the alloy should be single phase with Co miscible in Pd at all
the annealing temperatures used in this work. For the samples annealed in N,
(Figure 7.4a, c, e), the CoPd film showed partial dewetting at 650 — 750°C
and well developed islands, with some substrate roughening, at 950 °C, but no
nanowire growth was observed. In contrast, when annealed in forming gas
(Figure 7.1e, fand Figure 7.4b, d, f) , the CoPd films dewetted into islands at
650<C and above and these served as catalysts for nanowire growth, producing
morphologies similar to those observed for Pd. The nanowires were short at
750<C and 850<C, but at 950<C longer wires were formed in the vicinity of
substrate pits. Pitting occurred at lower temperatures for CoPd compared with
Pd, i.e. at 850<C, and nanowires formed more abundantly on CoPd at 950<C
(compare Figure 7.4f and Figure 7.1d).

The formation of the nanowires and the craters in the Si substrate is
therefore correlated with the presence of hydrogen and palladium during high
temperature annealing. Pd and CoPd can both be used as catalysts for

nanowire growth above 750 <C in forming gas.

7.4 Structural Characterization of As-Grown Nanowires and Nanotubes

Figure 7.5 shows a SEM image of the as-grown nanostructures formed
using CoPd at 950<C in forming gas for 30 min. Three types of structures can
be observed: (i) silicon oxide nanowires with catalysts at the top; (ii) silicon

oxide nanotubes with embedded metal catalysts; (iii) metal catalysts covered
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by a silicon oxide shell which do not grow into wires or tubes. The ratio of
Pd:Co for the top catalysts for all the nanowires remained fairly similar to the
original film composition of 6:1. The identification of the wires/tubes as

silicon oxide instead of silicon is based on TEM, described below.

Figure 7.5: SEM images of CoPd sample annealed at 950C for 30 minutes in
forming gas; (1) nanowires with single catalyst at the top; (2) nanotubes with
embedded catalysts; (3) large catalyst particle covered with oxide shells.

Table 7.2 summarizes the morphology of the nanostructures and the
approximate size of the catalyst particles from the samples. The majority of
the as-grown structures are nanowires with a single catalyst at the tip. From
the images it appears that the smaller catalyst particles produce nanowires
with the catalyst at the top, the intermediate-size catalysts produce nanotubes
with either cylindrical or split catalysts, and the larger catalysts do not form

either wires or tubes.
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Table 7.2: Different morphologies of the nanostructures grown with CoPd or

Pd catalyst.
size of structure percentage
catalysts
(x 10'um?3)
Pd 3- 1500 nanowires with single
catalysts m single catalyst
190 - 1000 nanotubes with cylindrical or w splitting/eylindrica
splitting catalysts catalyst
190 - 5000 large catalysts that do not ;‘::l"“dm not
grow
CoPd | 3-190 nanowires with single
catalysts | single catalyst
370 - 1000 nanotubes with cylindrical or wspliting/eylindrical
splitting catalysts catalyst
1500 — 12000 large catalysts that do not :ﬂ‘“mes not
grow

Figure 7.6a shows a TEM image of a nanowire obtained from the Pd
film in forming gas ambient at 950<C for 3 hours and then further annealed at
1050<C for 1 hour. Figure 7.6b and ¢ show higher resolution TEM of the
nanowire and the catalyst. The data suggest that after growth the catalyst was
transformed to palladium silicide which is crystalline with atomic ratio of
Pd:Si from EDX close to 8:1. From the Pd-Si phase diagram,'’”® this
corresponds to (Pd) + Pd,;Si, phases at room temperature. The nanowire itself
is amorphous and consists of silicon oxide. A split palladium silicide catalyst
covered with a SiO; shell is shown in Figure 7.6d.

A TEM image of a nanowire obtained from the CoPd film in forming gas
ambient at 950<C for 30 minutes is shown in Figure 7.6e. Similar EDX
analysis was also carried out for the catalyst and the body. The catalyst was
crystalline and contains Pd, Co, Si and O. The presence of O attributed to the
SiO; shell. The ratio of Pd:Co varied between region “2” (5.5:1), region “3”

(17:1), and region “4” (31.5:1), while the initial film composition was close to
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6:1. This suggests that as the catalyst splits, the fragment closer to the growing
end of the wire is richer in Pd, which is the active catalyst. The wire or tube is

amorphous and consists of silicon oxide.

(a)

&

@

O 02 =9 % _02um.

Figure 7.6: (a) TEM images of Pd sample annealed at 950<C for 3 hours
followed by 1050<C for 1 hour in forming gas with the numbers indicating the
area of EDX measurement; (b) HRTEM of the body; (c) HRTEM of the Pd
catalyst; (d) TEM images of Pd catalyst covered with SiO2 shell; (e) a
nanowire grown by CoPd catalyst at 950<C for 30 minutes with the numbers
indicating the area of EDX measurement; (f) a single nanotube grown by
CoPd catalyst with elongated catalyst before splitting; (g) A nanotube with
multiple catalyst splitting grown by CoPd catalyst at 950<C for 3 hours; (h) A
branching nanotube.

Figure 7.6f shows a nanotube within which the catalyst exhibits
necking, obtained from CoPd at 950<C for 30 mins. Figure 7.6g shows an
instance of multiple splitting of a CoPd catalyst into sub-catalysts (950 <C for 3
hours). The catalyst particles are much rounder in shape compared to the
catalysts that were annealed for 30 minutes. Branches were observed in some

nanotubes with split catalyst particles (Figure 7.6h). For the CoPd samples

127



annealed at 950<C for 3 hours, much longer nanowires and nanotubes (>10

pm) were observed than those seen in the sample annealed for 30 min.

7.5 Growth Mechanism

Figure 7.7 illustrates the proposed mechanism of nanowire and nanotube
growth. Figure 7.7a shows the initial stage at which the metal film has
dewetted into particles of different sizes. As mentioned above, the growth of
the nanowires and nanotubes is associated with the formation of craters
(shown schematically in Figure 7.7b) on the silicon oxide surface. We
suggest that the formation of the craters is due to the Pd (in Pd or CoPd films)
that reduces the SiO, layer to Si and forms palladium silicide during the
anneal in forming gas ambient at temperatures >750<C.”® While Ellingham
diagram tells us that SiO, is practically irreducible in H, environment, it has
been found that Pd has an enormous capacity to absorb H; gas, up to more
than 0.6 of H-to-Pd atomic ratio.*’® The incorporation of H; in large amount
forces Pd, which is originally fcc structure, to adopt another phase a, 3, or a
mixture of both with larger lattice constant, transforming it into a quasi-liquid
state.!”"1"® This transforms Pd into a quasi-liquid state which might render the
material more reactive to its surrounding material, e.g. reaction with silicon
oxide to form palladium silicide, in this case. This process of silicon oxide
reduction occurs concurrently with the agglomeration process of the metal
catalyst. The silicide formed is expected to be Pd-rich because the Si is only

supplied from the reduction of SiO,.
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Metal catalyst

Pd-rich Silicide starts to form
I Pd-richssilicide
I cutectic Pd silicide
I

Silicon dioxide

Figure 7.7: Schematic diagram of the nanowire and nanotube growth.

As illustrated in Figure 7.7c to e, the smaller metal particles will form a
silicide without penetrating the oxide layer, while the larger particles will
consume sufficient SiO, to come into contact with the Si substrate. Once the
metal particles are in contact with the Si substrate, the supply of Si is
abundant. The silicide formed will then have the eutectic composition and be
in a liquid state because the annealing temperature is higher than the eutectic
temperature. The high flow rate of forming gas promotes evaporation of the
silicide to form inverted pyramidal pits (the “X” region in Fig. 1). These pits
become a source of Si vapor to promote growth of nanowires around the pits.
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The pit formation is due to diffusion of Si and leaves (111)-facetted surfaces.
Similar pit formation at the Si surface due to aluminum spiking has also been
reported during the fabrication of metal-oxide-silicon devices.”* Figure 7.7f
summarizes all possible grown structures that resulted in nanowires (A),

nanotubes (B) and metal catalysts that do not grow into wires or tubes (C).

. M
(i) 57 nm (i)

57 nm
10nm

(ii) (ii)

(i) (i)

(iv) (iv)

(@) (b)

Figure 7.8: (a) Schematic diagram of the dewetting process of CoPd or Pd
film on 500nm-silicon oxide. (i) the patterned metal on silicon oxide; (ii) the
formation of craters; (iii) Flat silicon substrate after HF dip; (iv) SEM images
of CoPd samples on 500nm-silicon oxide after annealing at 950C for 30
minutes in forming gas ambient. (b) Schematic diagram of the dewetting
process of CoPd or Pd film on 10nm-silicon oxide. (i) the patterned metal on
silicon oxide; (ii) the formation of inverted pyramid pits; (iii) Inverted
pyramid pits on silicon substrate after the metal catalyst evaporated away; (iv)
SEM images of CoPd samples on 10nm-silicon oxide after annealing at 950C
for 30 minutes in forming gas ambient.
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We examined the critical role of the SiO; layer thickness in pit formation
by depositing CoPd and Pd films (57nm) on two samples with a thicker (500
nm) and a thinner (10 nm) silicon oxide layer. By using interference
lithography, we obtained CoPd and Pd dots (diameter ~ 850 nm) on top of the
thick and thin silicon oxide layer. The samples were then annealed at 950<C
for 30 minutes in forming gas ambient, as shown in Figure 7.8. The samples
with thicker oxide underlayer are expected to form craters but no inverted
pyramid pits because the thick oxide provides sufficient Si for complete
silicidation of the Pd, as shown schematically in Figure 7.8a(i)-(iii). A SEM
image of such a sample with CoPd catalyst after the thick oxide underlayer
was removed by HF is shown in Figure 7.8a(iv). A smooth Si surface is
evident, covered with CoPd particles which have presumably also been
modified by the etch process. For the samples with the thinner oxide
underlayer (Figure 7.8b(i)-(iii)), the CoPd and Pd catalysts will consume all
the oxide underlayer upon annealing and form inverted pyramidal pits in the
silicon substrate, as shown in the SEM image of annealed samples with CoPd
catalysts (Figure 7.8b(iv)).

As shown in Figure 7.1, the nanowires and nanotubes only grow
significantly in the area near the exposed silicon substrate, i.e. the inverted
pyramid pits. Furthermore, all the nanowires and nanotubes are a few microns
long and have the metal catalyst particles at the tip. If the source of the Si
atoms is from the solid Si substrate, surface diffusion would limit the growth,
unless the catalyst particles were at the base of the nanowires. These are strong

indications that the silicon source is vapor.
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There are three possible sources for the Si in the vapor phase. The first is
SiO vapor from the dissociation of the oxide layer at high temperature in
forming gas ambient.'**® It has been reported that silicon oxide at high
temperature in the presence of hydrogen will release SiO vapor, according to
the reaction SiOy(s) + Hz(g) = SiO(g) + H20(g). The SiO is then transported
to the surface of the CoPd or Pd catalyst particles and releases Si atoms.™’
The annealing temperatures that have been reported in the literature for this
reaction are, however, 1200<C and higher. As can be seen from Figure 7.1c,
even when there is no pyramidal pit formed, an oxide layer formed to cover
the metal catalyst. This indicates that even in the range of 750 — 1050 C, there
exists a small amount of Si-containing vapor from the reaction of silicon oxide
layer and the hydrogen in the chamber. However, it is insufficient to grow long
wires/tubes.

The second possible source is SiO vapor from the dissociation of SiO, at
the Si/SiO, interface at high temperature and low oxygen partial pressure by
the reaction: Si + SiO, 2> 2Si0.™ This might lead to the irregular shapes of
the pits (see for example, Figure 7.1d) during wire growth. The SiO vapor
from the Si/SiO, interface can also diffuse through the oxide layer,'®? but this
would be slow for samples with a thick oxide layer.

The third possible source is Si vapor evaporating from the substrate once
the Si is exposed.’®® To examine this, a sample was annealed consisting of Pd
circular dots, 800 nm diameter and 57 nm thick, on an alumina-coated Si
substrate, but no nanowires formed because alumina does not react with the
metal catalyst under given annealing condition. Then the parts of the alumina

not coated with metal were dissolved, exposing the Si substrate around the Pd
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catalyst (Figure 7.9a) and the sample was annealed at 950 <C for 30 minutes in
forming gas ambient. Figure 7.9b shows that a large nanowire with a catalyst
at its tip formed at each patch of metal, accompanied by erosion of the regions
of the Si surface uncoated with alumina. Nanowires formation is expected for

this size of catalyst (2.9 x 10 pm®) as shown in Table 7.2.

Figure 7.9: (a) Pd catalyst on alumina layer after BHF dip; (b) After annealing
at 950C for 30 minutes in forming gas ambient.

The Si vapor pressure (P) above a silicon substrate can be estimated as P
= Ap exp(-AHvap / RcT) where Ap is an empirically determined constant, AHyap
is the enthalpy of Si evaporation, Rg is the gas constant and T is the
temperature. Values'®® of Ap = 2.24 x10° atm and AH.y/Rg = 49.70 K yielded
Si vapor pressures for various annealing temperatures as listed in Table 7.3.

Table 7.3: Silicon vapor pressure at various temperatures.

T(°C) P (atm)
650 | 9.27x107®
750 1.79x 10"
850 1.35x 10"
950 | 5.05x10™"
1050 | 1.09x 107

Using the geometry of the alumina-coated sample, each nanowire is
supplied by the Si flux from an area of 1 pm > 1 pm minus the fraction coated
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by the alumina disc. The flux of Si escaping from the exposed Si surface is

estimated as®+1%

P(inTorr) _ 726 10tatoms

26 X
/M, T cm?.sec

Equation 7.1

]Si = 3.51 %X 1022

For annealing at 950<C (Psi = 5 x 10" atm) for t = 30 minutes, the flux of Si
is 8.0 x 10°atoms (Jsi % Asor < 1). This can be compared with the number of Si
atoms in each nanowire, which has a diameter of approximately 150 nm and
height of 500 nm, corresponding to 1.9 =108 atoms. The evaporated flux is 25
times too small to supply the nanowire based on this simple estimate, but the
difference could be resolved if the wire is hollow as suggested by the TEM
images of Figure 7.6, or if the evaporation rate is enhanced by the flow of
forming gas. %%

The Si nanowires and tubes which form are assumed to be oxidized by
residual oxygen present in the annealing chamber to form SiO,. From the

Ellingham diagram®®’

, the equilibrium O, partial pressure for the formation of
SiO, at temperatures of 650<C - 1050<C is about 10 - 10% atm. From the
same diagram, the equilibrium O, partial pressure in the forming gas (10% H>)
at these temperatures is much higher at a range of 10™° — 10™? atm. This
means the formation of SiO, is always favored in our experiments.
Furthermore, as the Si atoms were deposited on the catalyst in a layer-by-layer
fashion, it is possible for the whole body of the nanowires or nanotubes to be

fully oxidized. The possibility of Si nanowires being oxidized after removal

from the chamber is ruled out because the samples were cooled down to room
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temperature before they were taken out from the furnace, and the oxidation
process at room temperature is too slow to account for the depth of the oxide

with nanowires as thick as ~175 nm in diameter.

7.6 Catalyst Morphology

In Section 6.4, the atomic ratio of Pd:Si in the Pd catalyst was
determined to be 8:1. At a growth temperature of 950<C, this corresponds to
21% solid (Pd) + 79% liquid (L) phases from the equilibrium phase diagram,
with the L phase containing 14% Pd. This suggests the catalyst was at least
partly liquid at the growth temperature. The phases present in the CoPd
catalyst are not known, but the morphology was broadly similar to that of Pd
particles. The catalyst particles showed smooth contours without obvious
faceting, and were covered with a thin layer of silica shell. For certain size
ranges (0.019-0.1 pum? for Pd catalyst and 0.037-0.1 um?® for CoPd catalyst),
some of the metal catalysts underwent elongation from nanoparticles to
nanorods. Recently, reshaping of catalyst particles was reported for carbon
nanotube growth but with the Ni catalyst remaining solid during growth.™®® As
the source of the Si atoms is vapor and the catalyst particles are partly solid
during the growth process, the growth mechanism of the silicon oxide
nanowires and nanotubes is VSS, VLS or a combination. There have been
several studies of the VSS mechanism in silicon-based nanowires or nanotubes
but generally, this occurs at a growth temperature lower than the eutectic

temperature of the metal — Si and uses gas precursors.
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1.7 Summary

We have demonstrated a simple technique to fabricate SiO, nanowires
and nanotubes on oxidized Si substrate using CoPd and Pd catalyst via VLS or
VSS mechanism without using external Si source. The growth occurred when
the catalysts are annealed in forming gas which will induce the formation of
craters in the oxide layer and lead to the formation of pits in the Si substrate
which supplied Si for the nanowire growth. We demonstrated that the thermal
budget can be reduced by using CoPd alloy as catalyst compared to Pd. This
suggests the possibility to further tune the thermal budget for this growth
technique by exploring different CoPd compositions. Some of the nanotubes
had a series of embedded sub-catalysts that formed branches from the primary
nanotube. Our discovery of splitting catalysts and branches formation indicate
that more complex nanostructures can be grown using this technique. We also
showed that the resulted morphologies depend on the catalyst size, i.e. smaller
catalysts give nanowires and larger catalysts give nanotubes. This allows us to
tune the type of grown nanostructures provided that precise control of catalyst
size is available. Based on this finding, we have fabricated an array of

nanowires using interference lithography patterning technique.
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Chapter 8. Conclusion

8.1 Summary

The main objectives of this thesis were to investigate the solid-state
dewetting behavior of CoPd and CoAu thin films and explore their possible
applications.

First, we established that CoPd alloy undergoes similar stages of
dewetting as elemental materials. Stages of dewetting were identified and
grouped into six distinct stages, namely hole initiation, hole growth,
interconnected islands, isolated islands, island coarsening, and particles.
Interstage transition was found to be material-dependent, particularly
determined by the surface diffusivity. We experimentally determined that the
transition for CoPd lies between that of Co and Pd. Equilibrium particle shape
was predicted using Winterbottom construction and the results were compared
with experimental data. CoPd particle shape was found to adopt a combination
of its Co and Pd constituents. We characterized the CoPd dewetting behavior
as a function of annealing temperature. Hole incubation temperature was
found to be material-dependent, that is lower for material with higher surface
diffusivity. Plotting the area fraction transformed as a function of homologous
temperature allows one to distinguish the effect of crystal structure. Fcc
materials (Au and Pd) exhibit unique characteristics as compared to hcp
material (Co). JMA analysis was used to predict the fraction of area
transformed for each material and agrees with the experimental data. Void
incubation time and its dewetting activation energy were extracted for Au, Co,
Pd, and CoPd, and it was concluded that surface diffusion is the dominant

mechanism. Morphology of the dewetted particles was characterized in terms
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of interparticle spacing, particle density, and particle size, all of which are
found to be material dependent. Structural and compositional studies were
carried out using TEM and EDX.

Next, we have also established that CoAu alloy undergoes similar stages
of dewetting as miscible alloy and elemental materials. We found that
interstage transition and dewetting morphology depend on alloy composition.
We have characterized the morphology of dewetted particles in terms of
interparticle spacing, particle density, and particle size, and for CoAu, they
were found not to lie between its parent materials. Three possible scenarios
were proposed to distinguish the dewetting morphologies for different Au/Co
thickness ratio. For CoAu alloy with high Au composition (Au-to-Co volume
ratio > 1.5), Au-rich particles and Co-rich particles are distinguishable and
thus, they can be treated separately. We are able to predict the interparticle
spacings and particle densities for both Au-rich and Co-rich particles. For this
range of composition, we demonstrated the possibility to create clusters of
nanoparticles array without resorting to lithography. For CoAu alloy with
lower Au composition (Au-to-Co volume ratio < 1.5), both Co-rich and Au-
rich phases can be found in a single particle. In this case, we can still predict
the overall particle densities by adding up the density of each material.
Structural and compositional studies were carried out using TEM and EDX.

We also characterized the magnetic properties of CoPd and CoAu alloy
nanoparticles. We have shown that as-deposited Co, CoPd and CoAu thin
films have similar in-plane and out-of-plane magnetic hysteresis loops with M
close to that of bulk Co. The as-deposited films show strong in-plane

anisotropy due to the shape of the film. After annealing, the magnetic behavior
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of dewetted Co, CoPd and CoAu nanoparticles show little anisotropy due to
low magnetocrystalline and shape anisotropy of the nearly spherical fcc
particles. Furthermore, the dewetted particles vary in size and distribution due
to the absence of templating. In addition, strong exchange interaction between
Pd and Co resulted in an increase in the total Ms. For CoAu system, the
magnetic hysteresis loops are similar to those of Co. This is expected because
Co-Au is an immiscible system and the magnetic contribution comes solely
from Co. The M; of Co and CoAu nanoparticles slightly decreased due to post-
annealing oxidation. For a possible application as information storage, an
ordered array of nanoparticles with uniform size and distribution is necessary,
which is possible with proper templating. We might also explore other type of
alloy that will form particles with strong magnetocrystalline anisotropy.
Finally, we explored the application of CoPd and Pd nanoparticles for
synthesis of SiO, nanowires and nanotubes via VLS or VSS mechanism
without using external Si source on oxidized Si substrate. In contrast to

163,172,17
83172173 gr

general nanotubes fabrication scheme, which uses gas precursors,
method offers a simple alternative because no dedicated gas line is required.
The growth of silica nanowires and nanotubes occurred when the catalysts are
annealed in forming gas. This wire growth was associated with the formation
of craters in the oxide layer which, for larger catalyst particles and thinner
oxide, led to the formation of pits in the Si substrate which supplied Si for the
nanowire growth. We demonstrated that the thermal budget can be reduced by
using CoPd alloy as catalyst compared to Pd. The resulting SiO, nanowires

and nanotubes were amorphous and the length reached several pm depending

on the annealing parameters. Some of the nanotubes had a series of embedded
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sub-catalysts that formed branches from the primary nanotube. Our discovery
of splitting catalysts and branches formation indicate that more complex
nanostructures can be grown using this technique. We discovered that only
certain type of oxide facilitates the nanowires and nanotubes growth. In this
case, alumina was found not to induce craters formation which is essential for
the growth. We also showed that the resulted morphologies depend on the
catalyst size, i.e. smaller catalysts give nanowires and larger catalysts give
nanotubes. This allows us to tune the type of grown nanostructures provided
that precise control of catalyst size is available. Based on this finding, we have
fabricated an array of nanowires using interference lithography patterning

technique.

8.2 Recommendations

In this thesis, various promising findings related to dewetting of CoPd
and CoAu alloys have been reported. There are still several potential avenues
which can be further explored for future works.

There are still a lot to be understood about miscible and immiscible alloy
dewetting. It might be useful to vary the parameters such as film thickness and
layer configuration. For example, thicker film can be used to slow down the
dewetting process and capture the dewetting stages in more details. It will be
very beneficial given that in-situ observation is challenging. It might also be
interesting to see the morphology of dewetted particles for co-sputtered alloy.

We have explored binary alloy systems for both miscible and immiscible
cases. It might be worthwhile to extend the studies to ternary or even

quaternary systems to provide more knobs to further engineer the dewetted
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particles morphology and to improve the properties of the particles. It is also
of fundamental interest to explore dewetting behavior, material properties and
possible applications of hybrid miscible — immiscible alloy, for example Co-
Pd-Au system. In this system, both Co-Pd and Pd-Au are miscible while Co-
Au is immiscible and thus they are expected to exhibit complex and perhaps
fascinating interactions.

We have explored the application of dewetting to fabricate nanowires
and nanotubes. We can try to explore other applications such as plasmon
waveguide or bit-patterned media recording. Plasmon waveguide can
overcome the limitations of conventional dielectric waveguides such as
diffraction limit of light. It has been demonstrated that well-ordered metal
nanoparticle arrays such as gold and silver can guide electromagnetic energy
in a coherent fashion.***** It might be interesting to combine multiple metals
such as Ag-Au or Ag-Cu. Dewetted particles can also be used as a low-cost
approach to fabricate bit-patterned media which can overcome the thermal
limitations of perpendicular recording. We have studied the magnetic
properties of dewetted CoPd and CoAu, but for this application we will need
to template the dewetting to produce nanoparticles with uniform size and
distribution. We also need to explore other type of alloy that will form

particles with strong magnetocrystalline anisotropy.
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