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Abstract

Dewetting is an aspect of materials science that directly affects the reliability of microelectronics
and the formation of nanostructures with applications in storage, semiconductors, and
plasmonics. Dewetting initiates at triple phase lines between film, substrate, and vapor and
propagates away from the triple lines through the process of surface self-diffusion due to film
curvature towards flat areas of the film (i.e. away from the edge of a film). As edge retraction
starts to occur, other instabilities further the process through allowing agglomeration of the
retracting film to form islands of high aspect ratio. The solid-state dewetting and long range edge
retraction of Au/Ni thin films from a SiO,/Si substrate are driven by the minimization of the free
surface and film/substrate interface. While dewetting processes in monolayer thin films have
been studied extensively, there are only a few studies involving bilayer thin films and only one

that reports long-range edge retraction.

This thesis explores the agglomeration and long-range edge retraction of Au/Ni bilayer films from
Si0,/Si substrate. The films were deposited in sequences of Au deposited on top of Ni and Ni
deposited on top of Au. As-deposited films were subsequently annealed at 545 °C, 675 °C, and
730 °C. They were characterized by scanning electron microscopy (SEM) and energy dispersive x-
ray spectroscopy (EDX) to identify the mechanisms and driving forces for long-range edge
retraction. Annealing of Au/Ni bilayer films supported by a SiO»/Si substrate displayed long-range
edge retraction occurring, as well as the formation of seven morphologically distinct regions. The
formation of each region was reliant on the dominant mechanisms for retraction at play.
Interface and volume diffusion were determined to be the dominant mechanisms in the regions

closest to the edge of the substrate (regions P6 and P7), while in the transition region P5,

Vi



interface diffusion was the sole dominating mechanism. Surface diffusion dominated regions P3
and P4. The semi-circular shape in which retraction occurred was indicative of a corner instability,
the primary mechanism of long-range edge retraction. This is the first reported instance of a
corner instability initiating without a corner, especially for long-range edge retraction. Line-like
features of high aspect ratio indicated a secondary retraction mechanism of a fingering
instability. The comparison between both deposition sequences revealed the stabilizing effect a
native NiOx has on the bilayer film through hindering edge retraction and the critical role that
interaction between Au and Ni plays in edge retraction. A uniform area of dark contrast indicating
the Si substrate at the P2-P3 interface was observed in all Au/Ni bilayer films. It was proposed
that this interface is a result of void formation and nucleation propagated by a thickness variation
in region P2 due to the diffusion of Ni to region P3. However, another explanation is the
occurrence of a pinch-off event due to the agglomeration of Au and Ni in regions P3 to P5
reaching a critical height. However, additional data is required to ascertain whether that is

occurring.
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1. Introduction

Wetting is associated as a phenomenon of equilibrium thermodynamics due to being a measure
of the interfacial energy between two bulk phases and used to determine the rate of spreading
of a liquid in a contact area with a solid [1]. Spreading is the concept that if a drop of liquid
were placed on a solid surface, it will spread to cover the solid surface until it reaches a state of
equilibrium. The extent to which the drop of liquid spreads is dependent on the properties of
the materials used and the environmental conditions [29]. Dewetting is defined as the kinetic
process through which a bulk phase agglomerates into droplets, following the spreading
process in reverse. It is a result of underlying imbalances between the interface and surface
free energies of the deposited thin films [30]. Any processes that involve adhesion or splitting
of two or more separate materials can be referred to as wetting and dewetting. These
transitions are often observed during microstructure formation, including sintering and grain
growth. Some applications for wetting-dewetting mechanisms include catalyst-activated
growth of nanostructures, such as semiconductor nanowires or carbon nanotubes [15-22],
catalysts for hydrogen storage [14], the formation of Schottky barriers [12] and nanoparticles

for plasmonics [13].

As wetting-dewetting are well-established processes in materials science, the mechanisms that
initiate and propagate these processes have been studied extensively in monolayer films of
various materials and substrates. A mechanism for the agglomeration of polycrystalline films is
grain boundary grooving. A groove is where the grain boundaries intersect the surface of the

polycrystalline film [31-33] and is caused by surface atoms moving away from the grain



boundary due to surface diffusion. Grooves forming at the surface is an intermediary step to
the formation of holes. An alternate mechanism for the formation of holes is the formation and
growth of voids, which are a result of instabilities at the triple junction between the grain

boundaries in the film and the film/surface interface [34-36].

For bilayer or alloyed thin films, the interaction of the different components and external
conditions will determine how agglomeration occurs. Few studies have explored the
mechanisms that affect wetting-dewetting transitions in bilayer films. One explored the effects
of alloying Au with small amounts of Pt, resulting in a slight resistance to the onset of dewetting
at low temperatures, as compared to a single film of Au [23]. A study involving dewetting of Ni-
Ag alloyed films showed that the addition of immiscible Ag in Ni results in fractal-like growth of
holes instead of the expected capillarity driven nucleation and growth of holes initiated by grain
boundary grooving [24]. For alloyed Ni-Cr films [25] different annealing conditions resulted in
various dewetting kinetics due to surface oxidation and film-substrate interaction. A study
utilizing nanosecond pulsed laser melting to induce dewetting of an Ag and Co [26] bilayer films
showed spinodal instabilities forming in the film, which were caused by concentration gradients
introduced by film deposition sequence and solubility. Au/Fe and Fe/Pd bilayer films [27,28]
showed enhanced thermal stability upon annealing due to the alloying effects. Au/Ni bilayer
films on prepatterned and flat SiO,/Si substrates revealed new features forming due to alloying

that could allow for designing of novel array nanostructures [39].

For this Master of Science project, bilayer films of Au and Ni were selected as this is a
continuation of previous studies conducted by Xi Cen and coworkers [10]. Au and Ni are not

ideal materials to study dewetting, but they were initially selected due to the miscibility gap
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and limited alloying effects of the two elements up to a temperature of 675 °C. Previous studies
had noted that dewetting occurs locally due to both grain boundary grooving at the surface of
the film and void formation at the interface between the bottom metal film and the substrate.
It was assumed that this occurs throughout the entire length of the substrate/bilayer film
interface. Schaaf et al conducted multiple studies on Au/Ni bilayer films and reported a strong
correlation between number of voids per unit area and variations in thickness ratio [61, 62] and
a metastable phase formation above the bulk equilibrium solubility which makes the breakup of
the Au/Ni bilayer film less likely. However, the work by Schaaf et al did not exhibit long-range
edge retraction. There is only one previous study that has reported long range edge retraction
in a single layer Ni film, which had retracted less than a distance of 5 um [11]. A recent study
conducted by Cen et al. reported long range edge retraction in Au/Ni bilayer films that spanned
distances of more than 200 um as well as distinctive regions created by the retraction of the
bilayer film [10]. While the study had been the first to note distinctive regions that occur with
long-range edge retraction insufficient data was presented to determine the mechanisms that
drive long-range edge retraction. Multiple studies by Zucker et al have introduced mechanisms
for edge retraction and dewetting including fingering instabilities, corner instabilities, and hole
formation [3, 7, 33] . As a continuation of the study by Cen et al, this project has examined the
effects of different deposition sequences and annealing temperatures on metal bilayer film
agglomeration, and attempts to identify potential mechanisms for long-range edge retraction

and the formation of different distinct regions previously observed.



2. Literature Review

Vapor

Y

Figure 1: Examples of partial wetting behavior; (a) good wetting, (b) bad wetting.

Figure 1 shows three distinct bulk phases, a solid phase, a liquid phase, and a gas phase. The
solid phase represents the substrate, the liquid phase represents a deposited material
supported by the substrate surface, and the gas phase (vapor) surrounding the film and
covering the free substrate surface. Interfaces between the solid and liquid phases, the liquid
and gas phases, and the solid and gas phases each have interfacial energies associated with

them. If at least one of the two phases in contact at an interface is crystalline, the energy of the
interface may be anisotropic [7]. The contact angle By is denoted in the diagram. This angle can

be calculated using the Young’s equation [1]:

YSV-YSL
By=———
YLV

cos (equation 1)

In the above equation, ysy is the interfacial energy between the solid and the gas phase, ys. is the
interfacial energy between the solid and the liquid phase, yiv is the interfacial energy between

the liquid and the gas phase, and By is the Young contact angle. The equation is based on a



method of comparison between the interfacial energies of the bulk phases in the diagram and
leads to define the accepted contact angle parameters for conditions for complete wetting,
partial wetting, and non-wetting [1]. Complete wetting is defined as a contact angle that is 0°.
Non-wetting is defined by a contact angle of greater than 90°. Partial wetting is defined as a
contact angle of anything between 0° and 180°. Often, a contact angle greater than 90° is
referred to as “bad wetting”, while a contact angle of less than 90° is referred to as “good
wetting” [1]. Although Young’s equation is fundamental to the definition of wetting, it makes
the following assumptions: no chemical interactions occur between the liquid phase and the
substrate; surface energies are isotropic, and the film is liquid. As none of these assumptions
are true for a solid-state bilayer thin film, a more appropriate equation describing the balance

of surface and interface energies between crystalline solids is Herring’s equation:

3 .oy, |
Zizl (yiti + azi) =0 (Equation 2)

Herring’s equation describes thermodynamic equilibrium at a triple line of a thin film.

y;represent the three interfacial energies at the triple line. Eiis a vector normal to the triple line,

avi R
in the plane of the it" interface. The a—? term represents the torque and is perpendicular to t;
i

and the triple line [1].

While the discussion thus far has focused on the thermodynamics of wetting, discussion from
this point forward will concentrate on the kinetic process of dewetting. Some of the key kinetic

features of dewetting include edge retraction, hole formation, thickening of the rim, and the



break-up of the film into island-like structures or fingers. Most of these occur at the edges of

the thin film due to the prevalence of defects.

2.1 Edge Retraction

One of the key features of dewetting is edge retraction, which happens when a rim of a
previously uniform thin film recedes from the edge of the substrate after being annealed at

high temperatures.

Substrate

Substrate

Figure 2: Edge retraction from a) cross-sectional view normal to the triple line and b) top view.

Edge retraction rates can reveal important information about the mechanisms of mass flux. The
initial comparison of such was conducted by Brandon and Bradshaw [39] who utilized the
assumptions that the rim of the film is a semi-circle, and the contact angle is 90°. However, the
model was developed to determine how a hole is formed, rather than to observe edge

retraction from a straight edge, or a uniform edge of a substrate as shown in Figure 2 [38].
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Substrate

Figure 3: A visual representation of a) a hole (top) and the corresponding semicircular cross-sectional
profile of the rim (bottom) as dictated by Brandon and Bradshaw [38] and b) a model of a straight edge
(top) and the corresponding cross-sectional profile of a rim intersected by chords as dictated by Zucker et

al [7].

The comparison of the retraction rate is determined by the theoretical change in the volume of
the rim with time as retraction occurs based on the model for each case, the hole and the
straight edge. The key differences in the models are that while the rim is assumed to be a semi-
circle in the hole model, in the straight edge model, the rim is assumed to be a circle
intersected with a chord. This creates a difference in the volume that can be attributed to the
rim in each case. Another key difference is that the straight edge model assumes a contact
angle that can be varied so the retraction rate can be determined as a function of any chosen

contact angle [7].



The different dimensions of the rims in both cases also creates a difference in the rate at which
the volume changes. Based on this comparison, it was determined that rate of the change in

volume is 2.8 times higher for a hole than it is for a straight edge [7].

A more accurate geometric model which assumes that the initial geometry of a rim is
representative of a quarter of a circle and the contact angle is variable, can also be theoretically
tested for the retraction velocity [7]. The graph in Figure 4 was generated using the assumption
of the shape of the rim from Figure 3b and the following equations relating the retraction
velocity (vretr) with the rim height, and the rim height with retraction time leading to the

retraction distance as a function of time [7].

h

~ 1—cosf
(Equation 3.1)

The above equation relates the rim height (h) to the radius of curvature (r) and the contact
angle (8). The relation was used to calculate a retraction velocity as a function of the rim height

(Eq. 3.2) [7].

B N csch(cosf —1)°
o h3 (6 + arcsin( % sin ; )4/2(h = 1)(1 + h + (h — 1)cosfl) ))2
(Equation 3.2)

hity ) = h(t,) + ov,e dty
) ' (Equation 3.3)

h'(t) = av e
(t) " (Equation 3.4)



The rim height was then determined as a function of time (Eq. 3.3) below where a (rim height
as a function of time) is the quantity being solved for and dt; can be assumed to be 1 due to the
negligible dependence of a on it. As such, the final equation relating the retraction distance as a

function of time (Eq. 3.4) is derived [7].

The retraction distance versus time
100

T T TR T T

-y
=

=k

(]
=y

0.0

Retraction distance [H]

10 100 10* 40+ 10R

Time [H* B1]

Figure 4: Relationship between the normalized retraction distance and time as a function of contact angle
in which H is film thickness and B is the material constant, showing the rate of retraction as dependent on

the contact angle [7]. Reprinted with kind permission from MIT, Ref. 7.

The trend shows the larger angles retracting the largest distance in the same amount of time,
meaning the retraction velocity is greater. Furthermore, the trend of retraction or the
retraction rate, the slope, changes from % to 2/5 in small time scales for the larger angles, while
the time scales increase to make that transition as the angle decreases. Since many metals have
a contact angle of 90° [1], it can be assumed that the transition from a linear slope to a slope of
2/5 is too quick for the linear slope to even be detected. [7] As such, the contact angle of the

retracting edge can be an indication of the retraction rate of the edge.



2.2 Pinch-off Events

Most often, a film is observed retracting from the edge and moving inwards. Retraction often
causes the rim of the film to thicken and a valley to form ahead of the retracting rim [8]. The
height of the valley varies but it is often an order of magnitude smaller in height than the rim
[7]. The rim growing causes the valley to also deepen. At a certain point during film retraction,
the valley depletes and approaches the underlying substrate. This is called a pinch-off event.

Pinch-off events occur in a cyclic pattern as retraction occurs [9].

0
Substrate
Valley
|
Time
Valley
|
Valley
l
+

Figure 5: Schematic of the progression of a pinch-off event occurring over a period of time.
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2.3 Fingering instabilities

The fingering instability is an instability caused by different thicknesses of the rim due to
uneven mass transport along the rim, resulting in finger-like structures forming as edge

retraction occurs.

Figure 6: Progression of fingering instability in which a) is representative of the film starting to retract with
a visible rim, which leads to the formation of fingers, as shown in b) and progresses to the formation the

tips of the fingers breaking up and forming islands, as seen in c).

It is observed for single crystal and polycrystalline films alike. The two distinguishing
characteristics of the fingering instability are the differences in the triple line position or
curvature, and the differences in the rim height. There are three possible causes for the
fingering instability. They are recognized as instabilities of their own which each contribute to
the fingering instability and include: (1) the Rayleigh-like instability, (2) the divergent instability,

and (3) the arc length instability [7.
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%ging

Divergent
.‘..,N retraction

0
T

3\

*¢ arc length

Figure 7: The Rayleigh-like, divergent, and arc length instabilities are displayed above in a progression of
occurrence. a) the Rayleigh-like instability shows the thickening and thinning of different parts of the rim,
b) the divergent instability shows the different rates at which the rim retracts in relation to the thickness,
and c) is the arc length instability, which shows the changing arc length of different sections of the rim and

a start to the formation of fingers. Reprinted with kind permission from MIT, Ref 7.

2.3.1 Rayleigh-like instability

The Rayleigh-like instability is fundamentally the instability of a cylinder-like structure, which is
representative of the rim. It causes the structure to separate into individual spheres to
minimize the surface energy. The cause of the instability is the perturbations instigated from
defects or anisotropy that the cylinder-like structure is subject to which lead to mass transfer in
the rim. As a result, mass in the rim is unevenly distributed, so that there are sections of the rim
that are thicker as compared to others [7]. Perturbations are sometimes introduced

deliberately through a process called stepping to induce a fingering instability [37].

12



Figure 8: a) An unperturbed film and b) a perturbed film due to small surface defects or anisotropy.

The rim in Figure 8b shows a periodic variation in rim thickness, which is described a
wavelength. The wavelength has to be at least half the circumference of the cylinder for the
instability to develop due to the difference in thickness of the rim. Mass transport is the driving
force which allows this to occur and is instigated by the application of heat. It was determined

in previous studies that the perturbation wavelength that results in the fastest rate of surface
e S h(x)

diffusion, or the fastest growth of the perturbation, is 8.88r, wherer = — [6]. As such, the

following equations govern the perturbation growth rate of the Rayleigh-like instability in which

K is the mean curvature of the rim and s; and s; denote different directions [7]:

Pk __ K(s1,2As;) — 2k(sy, Asy) + k(s1,0)
ds3 (Asy)?

(Equation 4.1)

Pk

GR-Ra}rlelgh—like - - 52
x=0,502=0 (:JSL

1 (E}Qh‘

2.2
Js1

sin f r=m ;k.szzn)

(Equation 4.1)
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2.3.2 Divergent Retraction Instability

The divergent retraction instability is the difference in the retraction rates of the rim based on
different thicknesses in parts of the rim. Areas of different thickness form due to the transfer of
mass perpendicular to the triple line. The thicker areas of the rim are slower to retract than the
thinner areas. This creates a difference in the retraction distances covered by areas of the rim.
The average curvature of the rim is defined to be 1/h(x), where h(x) is the rim height. This is in

comparison to the curvature of the flat film, which is zero. The distance from the triple line to

T
2xh(x)

the film is due to the model cross-section being that of a quarter of a circle. From this

equation, the gradient of the curvature can be determined by integrating the distance, with a

1
h(x)"2

result of [7]. The gradient of curvature is a factor in determining the occurrence of a

pinch-off event. The gradient of curvature normal to the triple line is a driving force for edge
retraction. Mass transfer normal to the triple line is the driving force for the divergent
retraction instability. As such, differences in the rim height, h(x), and therefore, in the gradient
of curvature, also cause differences in the retraction rate. As such, the following equation

govern the perturbation growth rate of the divergent instability [7]:

r=1 k.52 —[})

K

PR
r=0.52=0 !’jh’-‘j

1 ( Pk

GR Divergent retraction — v
o S sinf \0s3

(Equation 5)
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2.3.3 Arc Length Instability

The arc length instability is a variation in arc length in which the mass transfer that occurs with
the progression of the instability is normal to the triple line. Additionally, a perturbation in the
triple line adds more curvature to the gradient as it propagates into the film, as shown in Figure

5c, before decaying.

— - ,

]

Figure 9: a) An unperturbed film and b) a perturbed film as pertaining to an arc length instability due to

the triple line moving into the film.

When retraction occurs, the edge moves towards the film. If the triple line moves into the film,
it creates a negative curvature into the film as shown in Figure 9b. The negative curvature
distributes the mass of the rim across a wider distance, normal to the triple line. As a result, the
height of the rim, as compared to a straight edge, also decreases to compensate for the
spreading mass. As this creates a thinner rim, the retraction velocity increases due to less mass
per the area [7]. As such, the following equations govern the perturbation growth rate of the

arc length instability [7]:

G Rf:h.'mging arc length — (("I‘I:JT) 'I-'retr("r))

— ((1(.?.‘) 7'1'etr(;r:])

h{z)=1+41n, k(x)=+ek? h{z)=1+n. k(z)=—ek2

(Equation 6)

15



2.3.4 Combined Effects

The Rayleigh-like instability is one of the three mechanisms that could explain the cause of
fingering instabilities. It is wavelength-dependent and plays a critical role in determining the
critical wavelength for fingering instability [37]. If we assume a contact angle of 90° in this case,
the behavior of the Rayleigh-like instability can be likened to a cylindrical case, due to it being a
metastable shape, giving a critical wavelength of 2ntr and a fastest growing wavelength of
2.837r, where ris the radius of curvature of the rim. The Rayleigh-like instability exists when
there are large perturbations at play, providing a fastest-growing wavelength. However, a
decrease in the contact angle and in the perturbation amplitude causes the effect of Rayleigh-
like instability to decrease as well. The divergent retraction instability, however, still stays in
effect. The divergent retraction instability grows the fastest at long wavelengths. As the
perturbation advances the triple line in areas with a lower rim thickness, introduces curvature
to the triple line, which introduces wavelength dependence, as it affects the driving force. Since
this affects the driving force, it also introduces wavelength dependence. The divergent
retraction instability is dominant for critical wavelength behavior for small perturbations. When
the critical wavelength is zero, the same behavior is seen in the fingering instability. The fastest
growing perturbation is observed for long wavelength for divergent retraction and for fingering
instability when the contact angle is less than 57.4° [7]. The divergent instability is responsible
for shifting to longer wavelengths. In contrast, the arc length instability is only significant for
very short wavelengths. If the wavelength of perturbation is shorter than a certain limit, it will
cause the thin sections of the rim to get thinner while the edge is retracting. This is caused by

the triple line expanding without enough volume from the film being swept up to keep the rim

16



height constant. The arc length instability is important when the interface energies between

the substrate and film are anisotropic [7].

The perturbation growth is constant for any wavelength longer than the fastest wavelength,
but even in that case, the distance between two peaks will be between the value of the fastest
wavelength and the twice the value of the fastest wavelength. Some of the points to note
about all the instabilities are that an increasing rim height is the cause of a slowing growth rate.
The formation of fingers is due to the slowing growth rate in some areas. Since the disparity in
growth rates only increases, no new fingers can form after finger formation has started.
However, fingers may merge together, leading to larger spacing between them. A higher
contact angle is also more likely to lead to fingering due to the decrease in the critical
wavelength, allowing the shorter wavelength perturbations to grow. As the perturbation size
increases, the critical wavelength also increases but the perturbation growth decreases due to
the domination of the Rayleigh-like instability. When the perturbation size is small, the
Rayleigh-like and arc length instabilities do not affect the critical and fastest wavelength values,
only the divergent instability does. Due to this factor, the divergent instability can be

considered the main cause of the fingering instability [7].

2.4 Corner Instability

Corner instability occurs on anisotropic films and starts at a point where two edges intersect.

The figure below is a representation of a corner instability.
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Figure 10: A corner instability with various sections labeled such as the edge, tip, film, substrate, and height

of the edge and tip in comparison to that of the rest of the film

At first, the corner and the edge retract at the same rate, but over time, the retraction rate of
the edge slows down while the retraction rate of the corner stays constant. This observation is
a direct consequence of the difference in what occurs with the rim heights of the corner as
opposed to the edge. The rim height at the corner stays constant throughout retraction while
the rim height at the edge increases with retraction. The increase in the rim height slows down
retraction at the edge, while the maintenance of the rim height allows for the continuation of
retraction at the corner [2]. One explanation of this occurrence was that the mass that is swept
up during retraction flows away from the tip of the corner and onto the flat film [3]. This is
possible due to the two-dimensional diffusion at the tip of the corner, allowing mass to be
transported to a larger area and speeding up retraction at the tip [4]. Another proposed
explanation was that the mass swept up during retraction flows from the corner to the center

of the edge rim [5].
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Zucker proposed a model in which different regions are established: the tip, where the
instability originates and progresses, the transition region, and the edge, which is assumed to
be a straight edge of uniform rim height. There is a linear increase in rim height from the tip to
the edge, and a constant angle between the tip and the transition region. As retraction at the
tip progresses, the film that is swept up adds volume to the rim, which, in turn, increases the
rim height. However, for the retraction to progress, the arc of the tip also has to lengthen due
to the in-plane curvature of the triple line, causing a decrease in the rim height. At the
beginning of retraction, the volume addition to the rim is favored, and the continuing retraction
allows for the rim to become thinner until it reaches a state of equilibrium, with the volume
added to the rim being the same as the volume used to lengthen the rim. This process indicates
that there is no long-range mass transport occurring. A similar process occurs during the growth
of a hole, with the difference that mass is added to the rim, causing the rim to grow in height.
However, due to the limited elongation of the rim, the thinning effect does not occur, causing

the growth of the hole to be slowed and eventually stopped over time. [7]
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3. Methods

3.1 Deposition of metal thin films

Au and Ni bilayer films were deposited on a Si substrate in consecutive steps, each layer was
deposited with a nominal thickness of 30 nm. Prior to metal deposition, the Si substrate was
covered with a thermally grown SiO; film with a thickness of 12 nm to prevent the formation of
silicides and metal diffusion into the substrate. The metal layers were deposited in two

sequences as illustrated in the figure 6:

Au layer (30 nm) ‘

Figure 11: Sketch of the deposition sequences; a) is Au deposited on top of Ni while b) is Ni deposited on

top of Au.

Metal layer deposition was carried out with an AJA Orion 8 Ultra-High Vacuum DC sputtering
system under Ar gas atmosphere. The vacuum was not broken between the deposition of each
metal layer, ensuring that the Ni layer did not oxidize and form a native NiOx layer between the
two metal layers. The Ni layer was deposited at 162 W power, at a rate of 0.67 A/s, a chamber
pressure of 3.1 E-6 torr, and an Ar flow rate of 30 sccm. The Au layer was deposited at 49 W

power, resulting in a rate of 1.07 A/s. The chamber pressure and the Ar flow rate were the
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same as those utilized for the Ni layer deposition. Prior to deposition, the substrates were

cleaned with methanol and dried under flow of dry N; gas.

3.2 Annealing of as-deposited films

As-deposited metal bilayer films were rapid thermally annealed in a vacuum tube furnace.
Samples of each deposition sequence were placed in an alumina boat and inserted into the
glass tube well outside the hot zone of the furnace. The tube was then evacuated to a base
pressure of roughly 1.1E-4 Pa. The tube furnace was set to a temperature of 545 °C and
stabilized at that temperature over the course of 4 hours. When thermal stability was reached,
the samples were inserted into the hot zone of the furnace by sliding the vacuum tube over the
span of one minute, which corresponds to a heating rate of roughly 545 °C/min. Samples were
annealed in the center of the furnace for one hour. Thereafter, the tube was pulled out from
the furnace to place the sample in an area with a temperature below 100 °C. In this
configuration mass transport is considered insignificant compared to the annealing process. The
samples were allowed to cool to room temperature under vacuum for a period of several hours
before being taken out of the tube furnace. This procedure was repeated for different samples

with annealing temperatures of 675 °C and 730 °C.
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3.3 Characterization

3.3.1 Imaging

The film morphologies after rapid thermal annealing were characterized with a Thermo Fisher
Scientific Quattro Environmental Scanning Electron Microscope (ESEM). Electron micrographs
were recorded with an Everhart-Thornley detector, with a positive collector bias. This detector
configuration collected a mix of secondary and back-scattered electrons. For the purposes of
this study, bright intensities will be considered higher atomic number of the scattering element.
The MAPS 2.0 software package was utilized to image a large section of each sample by
automatically collecting high magnification SEM images and subsequently merging them
together to form a micrograph with high magnification and large field of view. Individual
micrographs were merged by maximizing the cross-correlation function in regions of mutual

overlap.

Figure 12: The image above is of Au/Ni bilayer film samples being loaded into the SEM chamber for

characterization.
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3.3.2 Spectroscopy

Energy dispersive x-ray spectroscopy measurements were carried out at room temperature and
under high vacuum conditions to determine projection views of elemental distributions. EDXS
data were collected with a Bruker Quantax 400 XFlash 6 solid state detector attached to the
ESEM. EDXS data were collected from areas of the sample that displayed characteristic regions
of edge retraction. Integrated EDX intensity versus distance graphs were collected via a
modified line graph that vertically averaged EDX intensity from selected regions of interest.
Specific intensities were obtained through background subtraction and standardless

guantification, without correcting for absorption.

Figure 13: The figure above is an EDX image showing an example of the chemical distribution of the SEM

image above, along with Si (purple), Ni (blue), and Au (yellow).

3.3.3 Image Analysis

The calculation of curvature ratios of the triple line was carried out with the use of the Image)

software package. The point mapping feature was employed to accurately trace the curve of
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each distinct interface. Each interface was traced with a set number of 100 evenly spaced

III

points and straightening the curve using a “straightening tool”. This process was iterated five
times for each curve of all the six samples to provide the most accurate measurement of the

curvature of each interface by counting the number of image pixels along the traced line (see

Figure 14). The same curve was measured from end to end with a straight line to determine the

curvature trio of each interface.

Figure 14: The figure above is a MAPS micrograph showing an example area from which curvature data

was extracted.
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4. Results

4.1 Imaging

Ni over M@ 730 °C
i s :

Figure 15: Micrographs of all samples via SEM with distinctive regions separated by a dashed line and
labeled P1 to P7 (center to edge); a) is Au deposited on top of Ni and annealed at 545 °C b) is Au deposited
on top of Ni and annealed at 675 °C, c) is Au deposited on top of Ni and annealed at 730 °C, d) is Ni
deposited on top of Au and annealed at 545 °C, e) is Ni deposited on top of Au and annealed at 675 °C, f)

is Ni deposited on top of Au and annealed at 730 °C .
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Figure 15 shows SEM micrographs of the annealed metal bilayer films. The left column is
comprised of samples of sequence A (Au deposited over Ni) while the right column shows
images of sequence B (Ni deposited over Au). Bilayer films in A) and B) were annealed at 545 °C,
those in C) and D) were annealed at 675 °C, and those in E) and F) were annealed at 730 °C.
After annealing all bilayer films revealed seven regions with distinctly different morphologies.
Dashed lines indicate borders between regions marked P1 through P7. The different regions are
distinguished by their unique morphologies and microstructures. The edge of each of the
sample is on the right side of the image, with the region P7 as closest to the edge and P1
extending towards the center of the substrate wafer. While the morphology of each region is
similar across all samples, the average width of each region depends on the annealing

temperature and deposition sequence (see Table 1).

The region marked P1 in Figure 15a shows a patchy morphology with dark and bright areas,
representative of Ni and Au, respectively. The dark grey/black areas are indicative of the Si
substrate. Region P1 shows a mix of Au and Ni. Region P2 has a similar morphology as P1 but
appears darker in comparison. Holes with a fractal morphology are present across the entire P2
region, referenced by the red circles in Figure 15a. The largest holes are along the interface
between regions P1 and P2 and the smallest are close to the interface with P3. The interface
between regions P2 and P3 is a line-like gap with the Si substrate visible as black contrast. In
region P3, Au and Ni have agglomerated locally, with some small bright spots which represent
Au-dominant areas, and larger dark spots which are Ni-dominant areas, with the Si substrate
visible in some areas. In contrast to P3, regions P4 and P5 are more uniform in their

morphologies. However, region P5 reveals large agglomerations of Au. These are concentrated
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close to the interface between P5 and P6. In the P6 region, there is no continuous film detected
and relatively small islands of Ni can be observed. Region P7 shows large islands of
agglomerated Ni. With the lack of a continuous film, most of the P6 and P7 regions show black

contrast, i.e. the Si substrate, underneath.

Figure 15b shows Au deposited onto Ni and annealed at 675 °C. The distinct regions in the
micrograph extend over 400 um in total as compared to those in Figure 15a. In region P1, the
film displays a bright contrast, indicating presence of Au, with spots of darker contrast,
indicative of the Ni layer underneath the Au layer. Region P2 appears darker than P1 overall,
indicating presence of more Ni or a larger Ni to Au ratio. There are small holes present
throughout the region. The interface between the P2 and P3 regions is characterized by a
continuous thin gap of black contrast observed across the sample, indicating the absence of Ni
and Au. The P3 region, exhibits an agglomeration of Au along the interface of the region, close
to the gap between regions P2 and P3, with the rest of the region presenting localized
agglomeration of Au and Ni. The P4 region is a more even mix of Au and Ni. The P5 region is
distinguishable due to large agglomeration of Au and a more homogeneous darker contrast
representing underlying layer of Ni. The interface of the P6 region shows smaller agglomerated
islands of Ni with black contrast of the substrate underneath. The size of the agglomerated Ni
islands increases with proximity to the P6-P7 interface, with the largest and most widely
dispersed islands observed along the P6-P7 interface. Long formations of agglomerated Ni
stretching from the edge of the substrate wafer towards the center with a “line-like”
appearance can be observed in regions P6 and P7, marked by red arrows in Figures 11b, c, e,

and f. The line-like formations observed in P7 are more continuous in comparison to those in
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region P6 but are also smaller in size. A significant gap is observed between the P6 and P7
regions, with intensities representing the substrate. The interface of the P7 region is lined with

large agglomerations of Ni continuous along the border.

In region P1 of Figure 15c, an even mix of both Au and Ni is present. A majority of the area
shows bright contrast representing Au, with some smaller hole-like formations that show
darker intensity representing Ni. In P2, even though a morphology similar to P1 is observed,
there are larger number of holes present in the film and the region appears overall darker
compared to P1. The gap between regions P2 and P3 is characterized by a continuous dark line.
In the P3 region, there is an agglomeration of Au along the P2-P3 interface with the rest of the
region being an even mix of Au and Ni. The P4 region shows small agglomerations of Au with an
otherwise uniform layer of Ni. The P5 region is similar to P4 but the agglomerated Au islands
are much larger in size. The area of the P6 region closest to the P5-P6 interface shows smaller
agglomeration of Ni with the substrate visible. The line-like formations that were observed in
Figure 15b are also present in this sample, and can be observed in areas of region P6 closer to
the P6-P7 interface, and in region P7. The formations are larger and more dispersed, causing
more of the substrate to be exposed, in P6 as compared to P7. The P7 region has
agglomerations of Ni along the interface closest to the gap between regions P6 and P7. The rest
of the P7 region has smaller and less dispersed agglomerations of Ni that are in a similar line-

like formation as observed in P6.

Figure 15d is a micrograph of a sequence B sample (Ni deposited over Au) after annealing at
545 °C. In the P1 region, areas of darker and brighter contrast can be observed, as well as some

areas with black contrast, indicating presence of Ni and Au, and small holes, respectively.
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Region P2 has a darker contrast than P1 but more uniform morphology. There are also holes of
varying sizes present; the smaller ones are along the P1-P2 interface, while the larger ones are
closer to the opposite interface of the region. The largest hole is approximately 25 um across
the width of the region and is surrounded by much smaller holes along the P2-P3 interface
border. In the P3 region, Au and Ni have agglomerated into small areas while maintaining the
continuity of the film in the region. In contrast to P3, the P4 region appears brighter overall
with large agglomerates of Au. Region P5 is dominated by large Au agglomerations with a film
of mostly bright contrast and some darker contrast underneath, indicating presence of Au and
Ni. The P6 region is comprised of small agglomerated islands of Ni and the Si substrate. The P7

region shows larger and more dispersed islands of Ni as compared to those in P6.

In region P1 of Figure 15e, small areas of dark and bright contrast represent a mixed
morphology of Au and Ni. In comparison, the P2 region appears darker and has holes dispersed
across the region. The interface between the P2 and P3 regions is characterized by a dark line
indicative of the Si substrate. In the P3 region, Au and Ni have locally agglomerated while
maintaining the continuity of the film in the region. In contrast to P3, the P4 region appears
brighter overall with some large agglomerates of Au. Region P5 is dominated by large Au
agglomerations with a film of mostly bright and some dark contrast underneath, indicating
presence of Au and Ni. The P6 region is comprised of small agglomerated islands of Ni and the
Si substrate visible underneath. The area of the P6 region closest to the P5-P6 interface shows
smaller agglomerated islands of Ni which gradually increase in size throughout the region.
There is a large divide between the P6 and P7 regions, which consists of intensities representing

only the substrate. The border of the P7 region along the P6-P7 interface is lined with large
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agglomerations of Ni continuous along the border. The P7 region consists of discontinuous,
small line-like formations similar to those observed in the same region of Figure 15b stretching

from the edge of the substrate wafer to the center.

Figure 15f shows the micrograph of the sequence B (Ni deposited over Au) sample after
annealing at 730 °C. In region P1, large areas that are darker and brighter can be observed, as
well as localized differences in contrast, indicating presence of Ni and Au, respectively. The area
of the P2 region is darker, indicating more Ni content, and has some small holes present,
indicated by spots of black contrast. The interface between the P2 and P3 regions is
characterized by a dark line indicative of the Si substrate. In the P3 region, Au and Ni have
uniformly agglomerated into small areas while maintaining the continuity of the film in the
region. Region P4 appears brighter in comparison to P3 and has some large agglomerations of
Au. Region P5 is dominated by large Au agglomerations with a film of mixed morphology
underneath, indicating presence of Au and Ni. The area of the P6 region closest to the P5-P6
interface shows smaller agglomerated islands of Ni which gradually increase in size from one
border of the region to the opposite border. There is a large divide between the P6 and P7
regions, which consists of intensities representing the Si substrate. The P7 region displays two
distinct morphologies: (1) the line-like formations of Ni that extend from the edge of the
substrate wafer towards the center, and (2) line-like formations of Ni that have curved and

clustered into large areas, between which the substrate is visible as black contrast.
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Figure 16 : SEM micrographs of a) Au deposited on top of Ni and annealed at 545 °C b) Au deposited on
top of Ni and annealed at 675 °C, c) Au deposited on top of Ni and annealed at 730 °C, d) Ni deposited
on top of Au and annealed at 545 °C, e) Ni deposited on top of Au and annealed at 675 °C, f) Ni
deposited on top of Au and annealed at 730 °C at a scale bar of 10 um, comparing sizes of features in

regions P6 and P7.
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Figure 16 shows SEM micrographs of the annealed metal bilayer films. The left column is
comprised of samples of sequence A (Au deposited over Ni) while the right column shows
images of sequence B (Ni deposited over Au). Bilayer films in a) and b) were annealed at 545 °C,
those in c) and d) were annealed at 675 °C, and those in e) and f) were annealed at 730 °C.
Figures 16b, c, e, f show features of regions P6 (left) and P7 (right). The figure serves to directly
compare the areas and dimensions as all micrographs in the figure have ideal scale bar. While
Figures 16a and 16d display relatively small regions P6 and P7 with small features that are
similar in size. Figures 16b, c, e, f only show a section of the P6 and P7 regions with identical
feature sizes. While the P6 region consistently has agglomerated islands of Ni that are widely
dispersed, the P7 region characteristically has agglomerated islands of Ni that have formed line-

like structures extending towards region P6 and spaced close to each other.

Figure 17 : SEM micrographs of a) Au deposited on top of Ni and annealed at 675 °C b) Au deposited on
top of Ni and annealed at 730 °C, c) Ni deposited on top of Au and annealed at 675 °C, d) Ni deposited

on top of Au and annealed at 730 °C at a scale bar of 10 um, detailing the morphology of both regions.
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Figure 17 shows SEM micrographs of the annealed metal bilayer films. The left column is
comprised of samples of sequence A (Au deposited over Ni) while the right column shows
images of sequence B (Ni deposited over Au. Figures 17a-d show features of regions P2 (left)
and P3 (right). The figure serves to directly compare the relative widths of the regions and the
sizes of morphological features. In Figures 17a and c, region 2 has relatively large holes
approximately 2 um in diameter close to the P1-P2 interface and small holes that are less than
500 nm along the P2-P3 interface. There is a gap characterized by a dark contrast between the
P2 and P3 regions in all micrographs that is representative of the Si substrate. The P3 region
grains of darker contrast stretching from the gap towards the P4 region. While the grains in the
sequence A samples (Figures 17a and c) are relatively small, those in sequence B samples are as

long as 5 to 10 um.
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Figure 18: MAPS of all the samples used in this study; a) is Au deposited on top of Ni and annealed at 545
9C b) is Au deposited on top of Ni and annealed at 675 °C, c) is Au deposited on top of Ni and annealed at
730 °C, d) is Ni deposited on top of Au and annealed at 545 °C, e) is Ni deposited on top of Au and annealed

at 675 °C, f) is Ni deposited on top of Au and annealed at 730 °C.

Figure 18 consists of large field of view images (MAPS) of all six samples which were used to
determine borders between regions P2 and P3, P5 and P6, and sections of P7. Figure 18a shows
a MAP of sequence A (Au over Ni) after annealing at 545 °C. A semi-circular area consisting of
different regions with distinct morphologies is observed in the micrograph, indicating a single
area where long-range edge retraction occurred. The relative widths of each region can be
qualitatively compared to other regions and with regions of other samples. The retraction width
in Figure 18a is an order of magnitude smaller as compared to the other samples of sequence A
(see Table 1a). In addition, regions P1-P5 are larger in comparison to regions P6 and P7. Due to
this, the curvature values from the P7 region are more difficult to extract. The semicircular
appearance of the retracted area results in a high curvature ratio. Figure 18b is a micrograph
displaying several areas where edge retraction has occurred. However, some regions of
retraction are difficult to distinguish at this length scale due to the small size of their features,
Figure 18c, on the other hand, shows a larger and continuous retracted area, with each
individual region clearly distinguishable and the features that were observed in the previous
figures for each region are present across the entirety of the sample. Due to the similar features
observed in the 675 °C and the 730 °C samples, the curvature ratios in each of these regions are

similar (see Table 1a).
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Figures 18d to 18f display MAPs recorded from samples of sequence B after annealing at 545
°C, 675 °C, and 730 °C, respectively. As was observed for Figure 18a, Figure 13d has a retracted
less compared to annealing at higher temperatures. The regions displayed are difficult to
distinguish as compared to the other two samples, especially the P6 and P7 regions, due to the
magnification. Unlike in Figure 18a, retraction of the film can be observed in two areas of the
micrograph. This is indicative of the limited temperature dependence of edge retraction. Figure
18e shows the sample annealed at 675 °C with multiples areas where edge retraction is
observed. However, one area has retracted further than the others, which are relatively small
and do not have distinguishable features or regions. Figure 18f shows retraction occurring
across the entire area of the sample in the micrograph. Each of the individual regions are clearly
distinguishable and the film has retracted the furthest in this sample as compared to the others

for sequence B (see Table 1b).

4.2 Image Analysis
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Figure 19: Graphs of curvature ratios with error bars for a) Au deposited over Ni at all three

temperatures, and b) Ni deposited over Au at all three temperatures.

Figure 19 displays curvature ratios obtained from samples of sequence A (Au over Ni, Figure
19a) and sequence B (Ni over Au, Figure 14b). The blue, orange, and grey colors represent
samples annealed at 545 °C, 675 °C, and 730 °C, respectively. For each sample, curvature ratios
for borders P2-P3, P5-P6, and P6-P7 were determined. For sequence A samples annealed at 545
C reveal the largest curvature for all regions, which drops significantly at 675 °C, but decreases
only marginally upon heating to higher temperature. At low temperature (545 °C), P2-P3
interface shows the smallest curvature, followed by P5-P6 and P6-P7. At higher temperature,

curvatures do not change.

a) Regions 545 °C 675 °C 730°C
P2 12.12 +3.23 (15.8%) 6.55 + 1.26 (1.6%) 12.93 + 2.45 (3.2%)
P3 1.89 + 0.91 (2.5%) 4.63+2.33(1.1%) 5.85 + 3.64 (1.4%)
P4 28.92 + 6.41 (37.6%) 15.39 + 4.21 (3.7%) 29.09 + 8.11 (7.2%)
PS 23.22 +4.05 (30.2%) 35.39 £ 7.68 (8.5%)  40.68 £ 13.69 (10.0%)
Pé 4.35 +1.27 (5.7%) 232.31+24.73 (55.7%) 198.88 + 33.54 (49.1%)
P7 6.41 £ 0.54 (8.3%) 123.08 £20.65 (29.5%) 117.52 + 27.81 (29.0%)
Total 76.91+13.36 417.35 £+ 56.31 404.95 1+ 63.45
b) Regions 545 °C 675°C 730 °C
P2 13.24 + 4.67 (26.2%) 11.21 + 2.78 (4.6%) 7.14 £ 2.65 (2.1%)
P3 0.78 + 0.22 (5.7%) 3.25+0.89 (1.3%) 3.95+1.27 (1.1%)
P4 1.73 £0.91 (18.0%) 24.81+5.23 (10.2%) 22.07 + 3.93 (6.4%)
Ps 5.12 + 2.43 (9.2%) 15.37 + 5.72 (6.3%) 23.38 £ 6.02 (6.7%)
Pé 13.08+3.11(22.4%)  56.51%9.40 (23.2%) 78.56 + 16.53 (22.7%)
P7

12.11+3.27 (18.5%)  132.23+17.78 (54.3%)  211.65 = 23.38 (61.0%)

Total 46.05+11.36 243.38+47.54 346.76 + 53.64
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Table 1: Absolute and percentage of total widths values of regions P2 to P7 at each of the three

temperatures in um for a) Au over Ni (Seq. A) and b) Ni over Au (Seq. B).

Table 1a details the absolute width and percentage of total width for each region (P2 to P7) for
all three samples of sequence A while 1b offers the same data for sequence B. Tables 1a and 1b
reveal the general trend that the total width of each area of retraction is increasing with the
annealing temperatures. Table 1a shows the width values of samples at 545 °C and 730 °C are
similar for regions P2 to P4, after which the 730 °C sample breaks trend with a wider P5 region
as compared to the 545 °C sample. In contrast, though the width of the P3 region is similar in
the 675 °C and the 730 °C samples, the widths of other regions of the 675 °C sample are not in
the same range as those of the other two. The width of regions P6 and P7 is significantly less in
545 °C sample as compared to the other two. The 675 °C and the 730 °C samples have much
wider P6 regions as compared to P7 regions. In Table 1b, while the P2 regions of all three
samples are similar in width, only the 675 °C and the 730 °C samples have similar widths for
regions P3 to P6, while the width of each region in the 545 °C sample is drastically smaller in
comparison. Furthermore, after annealing at 730 °C, the P4 and P5 regions remain similar in
width, while in the 675 °C sample, the P5 region decreases in width as compared to the P4
region. The P7 region for the 730 °C sample is almost twice the width of the region after
annealing at 675 °C. Both samples display the trend of having a larger P7 region as compared to

the P6 region.

The percentage values in Table 1 allow direct comparison of the samples to each other. Table
1la compares the P4 and P5 regions of the 545 °C sample to the P6 and P7 regions of the other
two samples, respectively. The P6 region of 675 °C sample is similar in percentage to the P6
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region of 730 °C sample, and the same trend is observed in the P7 region of the same samples.
The P4 and P5 regions of the 545 °C sample show a similar trend as observed in the 730 °C
sample. Table 1b determines that the percentage values of the P6 region across all three
samples are similar, while the P7 regions account for more than half of the retracted area of the
675 °C and 730 °C samples. The P7 region of the 545 °C sample does not follow that trend and
slightly decreases in value compared to the P6 region. A consistent observation across the
percentages for both sequences is that the P2 region of the 545 °C sample for both sequences

is significantly larger than the P2 region for the other two samples of each sequence.

4.3 Spectroscopy
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Figure 20: Elemental intensity versus distance graphs and SEM/EDX images for all of the samples used in
this study; a) is Au deposited on top of Ni and annealed at 545 °C b) is Ni deposited on top of Au and
annealed at 545 °C, c) is Au deposited on top of Ni and annealed at 675 °C, d) is Ni deposited on top of Au
and annealed at 675 °C, e) is Au deposited on top of Ni and annealed at 730 °C, f) is Ni deposited on top of

Au and annealed at 730 °C.

Figure 20 shows integrated EDX intensities as a function of distance with corresponding SEM
survey images and EDX chemical distribution maps. In Figures 20a and 20b, both Au and Ni start
at 0 um at a relatively low intensity, which is recognized as the P1 region. The intensity of each
element is 0 mol % in the interface between regions P2 and P3, indicating an absence of both
metals. The intensity of Ni increases sharply at the border of region P3, drops slightly and stays
at that intensity throughout regions P3 to P5. The intensity of Au increases more steadily in the
P3 region and remains at the same intensity as Ni throughout regions P3 to P5. At the border of
region P5, the intensity of Ni decreases gradually, while that of Au drops sharply to 0 mol %.

While there are fluctuations of Ni in the P6 and P7 regions, Au remains at 0 mol % intensity. The
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absolute distance of regions P3 to P5 in Figure 20a is significantly larger than in Figure 20b,
while that of the other regions is in the same range, indicating that the sequence A has

retracted more than sequence B at 545 °C.

Regions P3 to P5 in Figures 20c to 20f have an Ni intensity that is approximately half of the
maximum intensity of Au. In all sequence B (Ni/Au) samples, intensity of Au in regions P3 to P5
increases steadily, with a maximum intensity in the P5 region before dropping sharply to 0 mol
%. In all sequence A samples, the intensity of Au increases quickly throughout the P3 and P4
regions and stays at the maximum value in region P5 region before dropping sharply to 0%. In
the P3 region of all 675 °C and 730 °C samples, Au and Ni are consistently observed to be at the
same intensity levels, with Au only starting to increase in the P4 region. There is also a sharp Ni
peak observed at the beginning of the P7 region, which is visible more clearly in the EDX image
that displays only Ni. While there is no Au observed in the P6 and P7 regions, there are some
agglomerations of Au detected in those regions in Figure 20d. They can also be observed in the

EDX maps that displays Au.
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5. Discussion

5.1 The role of NiOx in long-range edge retraction

After annealing, all six samples exhibited long-range edge retraction and localized dewetting.
The same observed in this study reproduce a previous study by Cen et al for Au/Ni bilayer films
annealed at 675 °C. However, that study had an additional NiOx layer between the Ni layer and
Au layers from breaking vacuum between deposition of the two metal films [10]. Therefore,
both studies can be directly compared to explore the differences observed as a result of the
additional NiOy layer. Cen et al established that regions P2 and P3 were Au and Ni-rich regions,
respectively. While a large agglomeration of Au was observed in regions P4 and P5, Ni
decreased sharply in region P3 and continued to steadily decline throughout regions P4 to P7.
Region P6 showed a dewetting of the continuous film, with some large agglomerations of Ni
and region P7 had some small agglomerations of Ni. In this study, Figure 20b shows that region
P2 is Au-rich in comparison to the amount of Ni present, but there is not a significant
concentration of Au present as compared to the concentrations in the P1 region. Region P3 is
Ni-rich but the concentration of Ni remains at the same level throughout regions P4 and P5.
There are also significant amounts of Ni found in the P6 and P7 regions, with line-like
formations of Ni present in both. The total retraction distance reported by Cen et al is
approximately half of the retraction distance observed in this study, indicating that the
presence of a NiOy layer decreases the rate of retraction. The same trend is observed to a lesser
extent when comparing retraction distances between sequences A and B at all temperatures,

suggesting that temperature and presence of the NiOy layer are both factors that affect
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retraction distance. The NiOx layer is reduced when heated at high temperatures under
atmospheric conditions [40]. The reported activation energy for the reduction of NiOyis 85.6
kJ/mol [41], with other studies yielding values as low as 53.5 kJ/mol and as high as 96.4 kJ/mol
[42-44]. Since the calculated activation energies of the farthest retracted regions, P6 and P7,
are higher than or in the range of those for the reduction of NiOy (see Figure 17), a reasonable
assumption is that NiOx reduction occurred in those regions while annealing and was enough to
facilitate retraction. Based on retraction distance (see Table 1), sequence A samples retract the
fastest, then sequence B samples, and samples studied by Cen et al, which are the slowest [10].
The reason this occurs is partially due to the presence of the NiOx layer, or lack of. The
diffusivity of Au is higher than that of Ni, suggesting it retracts faster than Ni. Sequence A
samples lack an NiOy layer. Sequence B samples are assumed to have an NiOx layer, due to the
exposure of the Ni layer to atmosphere, which restricts the retraction of the Ni and Au layers
due to the lack of a free surface. The samples used by Cen et al had an NiOy layer between the
Au and Ni layer, allowing the Au layer a free surface to retract but hindering the retraction of
the Ni layer and causing local dewetting [10]. The slower retraction rate for Cen et al samples
compared to the sequence B samples indicates that the diffusion mechanisms by which
retraction occurs require the interaction of the Au and Ni layers. Furthermore, the calculated
activation energy for the P7 region in sequence B samples is similar to that of the sequence A
samples despite the additional NiOy layer. The study by Cen et al also reported that the Au/SiO;
interface was more favorable than the Ni/SiO; interface [10]. A hypothesis is the activation
energy of sequence B samples would be less than that for sequence A samples in the absence

of the NiOx layer, indicating that the deposition sequence affects the occurrence of long-range

44



edge retraction, and Ni having a free surface and an Au/SiO; interface is more favorable for
retraction than Au having a free surface and an Ni/SiO; interface. A cross-sectional TEM study is
required of sequence B samples not exposed to the atmosphere to confirm this hypothesis but

is outside the scope of this study.

5.2 Mechanisms of long-range edge retraction

During long-range edge retraction, the bilayer film displays areas of varying morphologies (i.e.
P1 through P7 regions). These regions are present in all bilayer film samples (see Figure 20) and
have similar characteristics per region with some differences based on deposition sequence.
This indicates that they have distinct underlying mechanisms by which each region forms in
each of the deposition sequences. In an attempt to identify the governing mechanisms,
activation energies for each region were determined from the observed widths of each region

listed in Table 1 using the Arrhenius relation:

k= A e Ea/RT (Equation 6)

K is the rate constant, which is the rate of a chemical reaction, A is the frequency factor while
denotes the frequency of molecules that collide in the correct orientation and with enough
energy to initiate a reaction, R is the gas constant, T is the temperature, and E, is the activation

energy. The activation energy was calculated for region P3 to P7 for both deposition sequences.
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Figure 21: A 1/T versus In k representative graph used to determine E, from the slope in the equation of
the dotted line plotted. The graph was used to determine E, of the P6 region of sequence B samples.
The slope of Figure 21 was used to calculate the E; with the relation slope = _T]fa for regions P3 to

P7 of both sequences, as shown in Figure 22.
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Figure 22: The activation energies determined from the width measurements for each region (P2-P7). The
blue bar shows the activation energy for sequence A samples, and the orange bar shows the activation

energy for sequence B samples.
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Figure 22 shows the resulting activation energies in units of kJ/mol. The blue bars represent the
activation energies for sequence A (Au over Ni), while the orange bars represent the activation
energies for sequence B (Ni over Au). An activation energy represents the energy required for a
mechanism that drives retraction in a specific region. An increasing trend in the activation
energy of sequence B, from P3 to P7 can be observed. There is no clear trend that can be

observed for sequence A, however.

Diffusion Mechanisms Ea in kJ/mol
Surface Diffusion of Au in Au 38.59
Interface Diffusion of Au in Au 24.91
Volume Diffusion of Auin Au 174.47
Surface Diffusion of Au in Ni 49.21
Interface Diffusion of Au in Ni Range of 40 to 60
Volume Diffusion of Au in Ni 115.6

Surface Diffusion of Niin Ni 826.11
Interface Diffusion of Niin Ni 114.6
Violume Diffusion of Niin Ni 252
Surface Diffusion of Niin Au 45.21
Interface Diffusion of Niin Au 90.7
Volume Diffusion of Ni in Au 173.7
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b)
Sequence A: Ea Sequence B: Ea
Regions (kJ/maol) Possible Mechanism(s) (k)/mol) Possible Mechanism(s)

Surface Diffusion of Auin Au
Surface Diffusion of Au in Ni
P3 41.27 £ 8.53 Surface Diffusion of Niin Au 12.54 + 5.66 -
Surface diffusion of Au in Ni

Surface diffusion of Niin Au

P4 10.73 £ 4.61 - 35.00+7.14 Surface diffusion of Au in Au

P5 22.33+4.82 - 61.73 + 4.94 Interface Diffusion of Au in Ni
Volume Diffusion of Auin Au Interface Diffusion of Au in Ni
Volume Diffusion of Niin Au Surface diffusion of Niin Ni

Pb 145.53 +14.51 75.64 £ 15.93 Interface Diffusion of Niin Au
Volume Diffusion of Au in Ni Volume Diffusion of Au in Ni

P7 119.77 £ 10.33 Interface Diffusion of Niin Ni = 121.13 + 17.41 Interface Diffusion of Niin Ni

Table 2: a) Diffusion mechanisms and corresponding activation energies as reported in literature [45-55]
and b) the calculated activation energies in kij/mol with error bars for regions P3 to P7 for sequences A and

B, and the possible mechanisms that correspond to those energies.

While there may be multiple mechanisms contributing to edge retraction in each of the regions,
a reasonable assumption can be made that the calculated activation energies of each region is
indicative of the dominant mechanism responsible for retraction in the region. For both
sequences, the activation energy of the region P7 is very similar to the reported activation
energy of volume diffusion of Au in Ni and interface diffusion of Ni in Ni in literature, as seen in
Table 2. For sequence A, the dominant mechanism is likely interface diffusion of Ni in Ni. Since
Au has a free surface, surface diffusion of Au in Au is more energetically favorable as compared
to volume diffusion of Au in Ni. Furthermore, the Ni layer does not have a free surface, so the

most energetically favorable mechanism is interface diffusion of Ni in Ni. While sequence B has
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a similar activation energy as sequence A, the dominant mechanism is volume diffusion of Au in
Ni, the reason being that the Ni layer has a free surface after the reduction of NiOx presumed to
have accumulated on the surface. As such, surface diffusion of Ni in Ni is more energetically
favorable to interface diffusion of Ni in Ni. Additionally, the Au layer does not have a free
surface and volume diffusion of Au in Ni is more energetically favorable than volume diffusion

of Au in Au.

In region P6, the activation energy for sequence A increased while that for sequence B
decreased. The activation energy for sequence A corresponds to the literature value for volume
diffusion of Au in Au and Ni in Au while the one for sequence B corresponds to interface
diffusion of Au in Ni and Ni in Au and surface diffusion of Ni in Ni. For sequence A, volume
diffusion of Au in Au is likely the dominant mechanism of edge retraction, evidenced by the
presence of Ni and the absence of Au in the P6 region. Since Au has retracted completely from
region P6, it can be inferred that the dominant mechanism must be one that facilitates the
retraction of Au. For sequence B, interface diffusion of Au in Ni is the likely mechanism that
dominates in region 6. While Au diffused through the bulk Ni layer in region P7 due to not
having a free surface, the breakup of the Ni layer in the P6 region makes interface diffusion of
Au in Ni more favorable. Additionally, Au is absent from the P6 region and interface diffusion of
Au in Ni is the only mechanism which facilitates the retraction of Au from the region and has a

lower reported activation energy than the one calculated.

While there are no activation energies of mechanisms in literature that match the activation
energies of the regions P4 and P5 of sequence A. However, region P3 of sequence A has three

possible mechanisms that the calculated activation energy can be attributed to. Surface
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diffusion of Au in Ni and of Ni in Au have the same reported activation energies in literature but
surface diffusion of Ni in Au is dominant in this region, as observed from the higher
concentration Ni in Figures 20a, ¢, and e. For sequence B, the calculated activation energy of
the P3 region does not have a corresponding value from literature. However, there are
corresponding activation energies for the P4 and P5 regions. In region P5, the dominant
mechanism is interface diffusion of Au in Ni. The EDX maps in Figures 20b, d, and f show
agglomerates of Au near the P5-P6 interface in the P5 region, along with a peak in
concentration of Au in the same area and a steady drop from regions P5 to P3. The peak
appears sharper as annealing temperature increases indicating that Au does retract as far at
higher temperatures as compared to lower temperatures. A reason for this is alloying occurs at
high temperatures [56] and restricts the size of the grain boundaries to, effectively limiting
interface diffusion of Au in Ni. The dominant mechanism in region P4 is surface diffusion of Ni in
Au, since the Ni layer is atop the Au layer but more Au is present in the region as compared to

Ni (see Figures 20b, d, and f).

5.3 Corner and Fingering Instabilities

Long-range edge retraction has been observed in bilayer films annealed at three different
temperatures. Figure 18 shows micrographs of the retracted areas. Each area of retraction
propagates in the shape of a semi-circle. The semi-circular formation and propagation of
retraction is characteristic of a corner instability. A corner instability originates from nucleation

points along the edge of the substrate. In this study, those points are structural defects that can
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be observed along the edge of the substrate (see Figure 18a). The semi-circular formation is
evident in Figures 18a, b, d, and e. One or multiple areas of retraction can be observed, but the
formation is not observed in samples annealed at 730 °C (Figures 18c and f). This can be
explained by the faster merging of several corner instabilities at higher temperature. Areas
observed in Figures 18c and f are considered a result of multiple corner instabilities that have
merged. The curvature ratios shown in Figure 19 were calculated by measuring each of the
three interfaces listed parallel to the triple line (see Figure 15). For sequence A samples, the
highest curvature ratio was observed after annealing at 545 °C since insufficient thermal energy
was available to farther retract. For sequence B, however, the highest curvature ratio was
observed after annealing at 675 °C. The reason for this is that the retraction of sequence B is
hindered by the presence of the native NiOx. This indicates that the corner instability has a

lower temperature limit that determines if it will take place.

In regions P6 and P7 after annealing at 675 °C or 730 °C, line-like formations (see Figures 15b, c,
e, f) are observed oriented from the edge of the substrate towards the center (region P1). Their
morphological features are characterized by their high aspect ratios, typically of fingering
instabilities [7]. They form as an effect of the receding edge (see P5-P6 and P6-P7 interfaces in
Figure 19). Interfaces of positive curvature are fingers and spacings between them that vary.
Figure 19 shows that the P6-P7 interface has the highest curvature, indicating that curvature of
features increases inversely with size of those features. An explanation for this is smaller
structures are energetically unstable and become stable by agglomerating with other structures

or increasing their curvature.
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5.4 Pinch-off events and void nucleation

Regions P2 and P3 were found to be Au and Ni-rich, respectively (see Figure 20) while region P2
is only Au-rich for sequence B samples (see Figures 20b, d, f). Au is present in region P2 of
sequence A samples but it is not as concentrated as for sequence B. Abrupt interfaces between
regions P2 and P3 are observed. Figures 16a and 16d show grains of Ni oriented towards
regions P4 and PS5, indicating the diffusion of Ni from P2 to P3. The diffusion of Ni is a result of
the large chemical potential present due to the agglomeration of Au in P4 and P5 [10]. There
are two possible mechanisms that may be occurring to cause the interface between regions P2
and P3. Figures 16b and 16d have large and small holes that have formed in the P2 region. Ni
diffusing to region P3 from P2 leads to the thinning of region P2. As a result, voids that form at
the Ni/Au interface [59] can nucleate to the surface with relative ease as compared to other
regions. As the voids combine in the interface between regions P2 and P3 across the retracted
area, they form a continuous gap that is devoid of Au and Ni. Another possible mechanism is a
pinch-off event occurring in regions P3 to P5 and as a result, forming a gap (i.e. P2-P3 interface).
A pinch off event occurs at a point where a valley forms in the film that is deep enough to
expose the substrate surface. Defining characteristics of a pinch-off event are: (1) the valley

must be preceded by a rim that is at least two times larger in height (i.e. h(x)) than the uniform

film, (2) has a sufficient mean curvature of the rim (%x)), which is a function of the equilibrium

contact angle between the film and the substrate (Figure 2a), and (3) can develop in a specified
amount of annealing time [60]. Pinch-off events have thus far only been suggested for

monolayer films [7, 60]. Pinch-off events in a bilayer film may not display all the necessary
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characteristics that are observed in monolayer films. In regions P4 and P5, the retracting edge
deposits large concentrations of Au and Ni in the P4 and P5 regions (see Figure 20), which
agglomerate and reach a critical height (h(x); a height at which pinch-off can occur), causing a
pinch-off event to occur. The critical height can be evaluated through a comparison between
the concentration of the P1 region (uniform film) and the P5 region (the rim) as is discussed in
Table 3 as a thickness ratio. The concentrations were derived from the concentration vs.

relative distance graphs in Figure 20.

Samples Ratio of Au Ratio of Ni
{Annealed at T) (P5/P1) (P5/P1) Combined Ratio
Seq A (545 °C) 4.615 3.205 7.819
Seq B (545 °C) 4,952 3.532 8.483
Seq A (675 °C) 6.961 3.179 10.141
Seq B (675 °C) 9.146 2.570 11.717
Seq A (730 °C) 7.760 1.929 9.689
Seq B (730 °C) 7.927 1.788 9.705

Table 3: The ratio of concentration measured in region P5 in comparison to that measured in region P1 for
Au and Ni, respectively, as well as a combined ratio determined by the addition of the Au and Ni ratios for

each of the six samples.

It is observed that the concentration ratios range from 1.79 to 11.72. The Ni ratios of sequence
A samples are consistently higher, though by a decreasing margin as the annealing temperature
increases. The ratio of Au is higher for sequence B samples at 675 °C and 730 °C, but not for the
sample at 545 °C. Since even the lowest ratio denotes a rim height that is approximately two

times larger than that of the uniform film, a pinch-off event may be occurring. While the rim

53



height is necessary to determine the occurrence of pinch-off, it is not sufficient. The equilibrium
contact angle, and the reliant curvature of the rim and the annealing time required for pinch-off
occurrence are important factors which cannot be evaluated based on available data. A cross-
sectional TEM study is required to determine both factors but is outside the scope of this

project.
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6. Conclusion

Dewetting transitions and mechanisms of long-range edge retraction of Au/Ni bilayer thin films
were investigated in this study. Au and Ni bilayer films were deposited in two distinct
sequences consisting of Au layer deposited on top of an Ni layer on a SiO>/Si substrate, and Ni
layer deposited on top of an Au layer on a SiO,/Si substrate. Samples underwent rapid thermal
annealing in the same conditions at 545 °C, 675 °C, and 730 °C. Each sample was characterized
through SEM and EDX studies to collect data on the morphological changes and chemical

composition of the samples.

Each sample had undergone long-range edge retraction and displayed regions of agglomeration
and retraction. Seven distinct regions observed in each sample. Each corresponding region
displayed similar morphology across all samples. Au/Ni bilayer films annealed at 675 °C were
directly compared to a previous study by Cen et al [10]. The study by Cen et al had an NiOx layer
between the Ni and Au layers that was absent in this study. In contrast to the previous study,
there was no Au found in the P6 region of any of the samples in this study. In regions P3 to P5,
an accumulation of Ni was present, which was also not observed in the previous study. A
comparison of samples of both sequences reveals that sequence A samples have retracted

further than sequence B samples and report larger P6 and P7 regions.

It was concluded that the presence of NiOy, or the lack of it in sequence A, serves as the origin
of the observed differences. In sequence B (Ni over Au), NiOyx is assumed to have accumulated
on the surface of the Ni layer due to oxidation reactions, restricting the movement of the Ni

and Au layers underneath due to the lack of a free surface. A high activation energy for
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reduction of NiOx denotes that the NiOx layer has a stabilizing effect on the film. In addition, the
study by Cen et al also reports a much smaller retraction distance as compared to both
sequences annealed at 675 °C, indicating that the interaction of the Au and Ni layers is crucial
to long-range edge retraction. Characterization of the Au/Ni bilayer films revealed seven
distinct regions with different morphologies forming as the bilayer film retracted from the
edge. A calculation of the activation energies based on Arrhenius analysis allowed the
activation energies of regions P3 to P7 to be compared to literature values of possible
mechanisms that drive edge retraction in each region. Regions P6 and P7 were found to have
dominant mechanisms of interface and volume diffusion. Region P5 appeared to be a transition
region with interface diffusion as the dominant mechanism, while regions P3 and P4 were
formed by surface diffusion. Based on the observations made, interface diffusion is the
dominant mechanism of edge retraction. The driving force of these mechanisms is the

minimization of free excess surface energy due to capillarity.

Corner instability is a primary mechanism of long-range edge retraction and is observed as the
retraction initiates at a straight edge and propagates into the film in a semi-circular shape. The
mechanism balances two opposing effects: (1) the mass that is collected by the edge as it
retracts increases the rim height, while (2) the increasing arc length as the instability progresses
decreases the rim height [7]. The instability initiates at multiple points along the edge of the
bilayer film due to structural defects or anisotropy, causing retraction to occur in several areas.
Previously, the corner instability had only been observed in monolayer films retracting from a
corner, i.e. a point at which two straight edges meet, however, this study establishes that a

corner is not necessary to instigate the instability. Multiple retracted areas merge to form one
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area of retraction, as indicated by the curvature ratio of P2-P3 interface. Line-like features
observed in regions P6 and P7 of samples annealed at 675 °C and 730 °C are a result of a
fingering instability as evidenced by the P5-P6 interface and the P6-P7 interface. Smaller
features from P6-P7 interface have higher curvatures, establishing an inverse relationship
between size and curvature. Small features are energetically unstable and agglomerate with
other features to become stable. The P2-P3 interface is a result of void nucleation or of a pinch-
off event. The diffusion of Ni from P2 to P3 caused a thinning of the region and allowed voids to
nucleate to the surface. The combination of the voids in the region results in the abrupt
interface. Edge retraction leads to accumulation of Au and Ni in regions P4 and P5, increasing
the concentration to a critical height of the rim, leading to the formation of a valley: the P2-P3
interface. The consideration of the curvature of the rim is not available and is outside the scope

of this study.
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7. Future work

7.1 Ex-situ characterization of Au/Ni bilayer thin films

The material components for this study were selected due to the variability in results based on
various conditions, such as deposition sequence, annealing temperature and the corresponding
solubility of the metals. In this study, the results of various combinations of these conditions
have been studied, such as three annealing temperatures and two deposition sequences. This
study concludes that there are differences in the mechanisms that drive edge retraction of an
Au/Ni bilayer film dependent on the deposition sequence. While the interactions between Au
and Ni when only one has a free surface have been studied, it remains unclear how the
interactions and the mechanisms of retraction would change when both have a free surface. To
advance the study of the agglomeration and edge retraction in Au/Ni bilayer films, an additional
deposition sequence of Au and Ni co-deposited on to a substrate and annealed under similar
conditions can be studied to determine how the dominant mechanisms of retraction change
between a homogeneous bilayer film and a heterogeneous monolayer film in which both Au
and Ni have a free surface. The current study only explored the interactions of Au and Ni when
it was energetically favorable but a co-deposited film will explore the interactions of both
elements even when it is not energetically favorable. While this study compared the dynamics
of edge retraction based on deposition sequence, the assumed oxidation of the Ni layer in
sequence B due to exposure to atmospheric conditions made a direct comparison difficult. As
such, the deposition and annealing of a sequence B sample under vacuum and without

exposure to atmospheric conditions would serve to eliminate the effects of the NiOxlayer and
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allow a direct comparison to be made with the sequence A samples of this study and reveal the
mechanistic differences due to deposition sequence, and to determine the role of the NiOx

layer in edge retraction.

7.2 In-situ characterization of Au/Ni bilayer thin films

All previous work in this group has been conducted on samples of Au and Ni deposited in two
different sequences and undergone rapid thermal annealing at three temperatures. All studies
thus far have been ex-situ studies. While there is evidence of the dominant mechanisms that
contributed to edge retraction, the role of other mechanisms that may have contributed to
retraction has largely been unaccounted for. Additionally, the order in which the recognized
mechanisms have taken place is also not clear. An in-situ study of Au/Ni bilayer films will allow
the observation of edge retraction and agglomeration as it is occurring in the film. This study
can be conducted in the ThermoFisher ESEM, which has video recording capabilities and a
heating stage on which any chosen sample can be secured. There will be fundamental
differences between this study and previous studies, such as instead of undergoing rapid
thermal annealing, the sample will be heated and cooled gradually, revealing the effect that
heating method has on long-range edge retraction specifically. Real-time observation of long-
range edge retraction occurring will also reveal other contributing mechanisms and why certain

mechanisms are dominant in some regions as opposed to others.
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7.3 Additional characterization methods

The primary characterization methods employed in this study were SEM and EDX as they
provided information about the morphology and chemical composition of the films,
respectively. While this information was sufficient for the purposes of this study, employing
other characterization methods can offer additional information. Transmission electron
microscopy (TEM), for instance, can be utilized to conduct a cross-sectional study of the P5
region and collect information about the cross-sectional morphology of the region and the size,
curvature, and contact angle of the rim to determine if a pinch-off event is indeed occurring in
the region. A cross-sectional study of a sequence B sample prior to annealing would also

definitively determine the existence of a native NiOx layer.
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