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Abstract

Metal film deposited on glass substrate by physical vapor deposition is
energetically in a metastable state. When sufficient energy is applied, the film
dewets into a set of particles by means of diffusion to minimize the total energy in
the system. Metal film dewetting is initiated by hole formation, which is activated
by either spinodal dewetting or hole nucleation and growth mechanism. Depending
on the type of hole formation, the resulting particles vary in size and size
distribution. Such observations have generally been used to distinguish the
dominant mechanisms of the dewetting process.

In this work, the dewetting of Sn films was investigated. Behaviors of both
spinodal dewetting and hole nucleation and growth were observed when 50 to 2000
nm thick Sn films were dewetted under ICP-generated H, plasma. At low film
thicknesses, the dewetted particle diameter exhibited a spinodal-like behavior by
varying exponentially to the film thickness with powers close to 5/3. At higher film
thicknesses, a linear growth was observed in particle diameter with respect to film
thickness, which implied that film dewetting was activated by hole nucleation and
growth.

Several attempts were made to control the size and size distribution of the
dewetted Sn particles. Input RF power was a dominant factor controlling the
electron temperature and the density of plasma. When this parameter was increased,
varying particle size and size distributions were observed at same film thickness.
The capability of film dewetting was expanded when introducing repeated
dewetting and templated substrates. Implementation of repeated dewetting resulted

in higher particle density and bimodal particle distribution at appropriate first and
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second film conditions. Also, templated substrates enabled the production of
particles of similar size at desired locations.

The preliminary studies of Sn film dewetting were applied in two industrial
applications. The first application was in the fabrication of solder bumps, which are
interconnections built to transfer signals between a semiconductor chip and its
external circuitry. The current solder bump process requires a lengthy procedure,
which includes two sets of photolithography. The number of photolithography was
reduced to one by utilizing the self-assembling nature of metal film dewetting.

Sn film dewetting was also applied in producing metal-based mesh-type
transparent conductive film. The rapid and non-thermal characteristics of plasma-
induced dewetting allowed a uniform distribution of Sn particles on polymer
substrates. These particles were used as a mask layer to outline the mesh areas in
the subsequent conductive layer. By controlling the size of the particle mask,
conductive films with varying transmittance and resistance values were obtained.

The deposition of Sn films and other metal films were conducted by
magnetron DC sputters. Plasma treatment of the Sn films was carried out in a
separate vacuum chamber with an external ICP source installed. The surface
morphologies of the dewetted particles and transparent conductive film samples
were monitored by an ex-situ field emission scanning electron microscopy. The
SEM images were analyzed using a computer software to perform a statistical
analysis of dewetted particles.

Keywords: Dewetting, Plasma, Tin, Particle, Solder bump, Transparent conductive
film, ICP

Student number: 2010-23199
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I. Introduction

1.1 Plasma dewetting of metal film

Metal films deposited on glass substrate via sputtering or evaporation are
energetically in a metastable state. Thus, when sufficient amount of energy is
applied, a natural phenomenon called dewetting occurs by means of diffusion to
minimize the total energy in the system (Figure 1-1-1) [1]. The energy balance in
the film-substrate system is comprised of three interfacial energies: film-substrate,
substrate-vacuum, and film-vacuum [2]. As shown in Figure 1-1-2, the equilibrium
shape of the film on substrate surface is explained by Young’s equation:

Ysub-vac = Vfilm—sub + Yfitm—vac €OS O, (1)
where ygpvac 18 the substrate to vacuum interfacial energy, m.aus 1S the film to
interfacial surface energy, sim-vac 1S the film to vacuum interfacial energy, and 6. is
the contact angle of the film which is defined by the relative strengths of the
interfacial energies. When y,;..q. 1s larger than the sum of ys-g» and Ysim-vac, the
film is energetically stable and retains its flatness on the substrate surface.
Conversely, if Yupvac 15 less than the sum of Yumspr and Pumorae, the film is
considered metastable (or unstable) and dewetting occurs to form the

corresponding equilibrium contact angle.
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Metal film Metal Particles

Figure 1-1-1. Schematic of metal film dewetting into metal particles at sufficient

energy supply.
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vacuum

Ysub-vac Yritm—sub

substrate

Figure 1-1-2. Equilibrium shape of film on substrate surface [2].
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1.2 Hole formation mechanisms in metal film dewetting

Although the island morphology is preferred energetically to a flat film, a
flat film is still metastable. Thus, a substrate-exposing hole formation step is
necessary for the surface-energy-driven agglomeration to take place. There are two
known mechanisms of hole formation in film dewetting. First, spinodal dewetting
occurs when the film is in its liquid-state [3-6]. In thin films, thermal motion of
particles in the film causes a certain roughness in the film. This roughness is often
referred to as thermal fluctuation (Figure 1-2-1) [4]. There are several forces acting
in the film, two in particular that oppose each other and influence this thermal
fluctuation [3]. Van der Waals is a cohesive force within the film that intensifies
the thin and thicker regions. Surface tension is an adhesive force between film and
substrate and resists the strengthening of thermal fluctuation. When the magnitude
of the van der Waals force is greater than that of the surface tension, thermal
fluctuation is amplified, and the film ruptures with a spacing of specific
wavelength.

The other hole formation mechanism is called hole nucleation and growth,
and it is discussed in both liquid and solid states of the film [7-10]. This
mechanism is primarily activated by film defects. In polycrystalline films, the grain
boundaries are the site of film defects. A force balance equation in the grain

boundary can be expressed as follows:
Ygb = 2Yf sin¢ (1)

¢ = sin"H(ygn/2vy) )
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where 7, is the grain boundary energy, y;is the film to vacuum interfacial energy,
and ¢ is the groove angle, which defines the groove depth in the grain boundary by
the relative strengths of the two energies (Figure 1-2-2) [7]. When ¢ is sufficiently
high, the groove depth increases far enough to reach the surface of the substrate,
and the grain boundary is subjected to hole formation. Given that grain boundaries
have varying energies, hole formation mostly occurs at grain boundaries of high
energies.

Depending on the type of hole formation activated, the resulting particles
show different characteristics. For example, when a thin iron film was dewetted by
pulsed laser irradiation, spinodal-like dewetting characteristics were observed,
where particle spacing and particle diameter varied exponentially to the film
thickness with powers of 2 and 5/3, respectively [11]. On the other hand, when Au
and Cu films were dewetted by electron beam and Ar plasma through hole
nucleation and growth, the particle diameter had a linear relationship with the film

thickness [12, 13].
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Rupture position v < J »

Figure 1-2-1. Schematic of thermal fluctuation in thin liquid film [4].
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Figure 1-2-2. Schematic cross-section view of a two grain polycrystalline film [7].
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1.3 Film dewetting model

A study conducted by Danielson et al. proposed a model to describe the
stages involved in metal film dewetting (Figure 1-3-1) [1]. In this model, the
dewetting proceeds in the following order:

a. Critical hole formation,

b. Hole edge thickening,

c. Hole edge breakdown,

d. Hole finger formation and growth, and
e. Island formation.

For surface-energy-driven dewetting to occur and proceed, a substrate-
exposing hole of critical size must first be formed (step a). It is at this location
where the dewetting of film begins.

Once the substrate is exposed and hole is produced, hole edge thickening
causes mass to flow from film edge to the neighboring flat film, resulting in
expansion of the hole area (step b). This hole expansion is further advanced by hole
edge breakdown in which the accumulated mass at film edge begins to break into a
set of high and low local curvatures due to Rayleight instability (step c). In step d,
the high local edge curvatures drive the film mass to flow away from these regions,
resulting in equally spaced finger growth. In step e, these fingers then break into

discrete islands by a second Rayleigh instability.

18 1 3 _._'_'\;_ = ..':



Side View

Film

Figure 1-3-1. Illustration describing the five stages of metal film dewetting [1].
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1.4 Applications of dewetted metal particles

Various research is conducted using the dewetting phenomenon of metal
film. For example, when Au nanoparticles were incorporated by laser annealing in
the PEDOT active layer during the synthesis of organic solar cells, the current
density of the device improved by an increased number of photons in the active
layer due to enhanced forward scattering [14]. For an antibacterial purpose, Au
nanoparticles were formed by thermal annealing on TiO, nanotube arrays. When
bacteria made contact with the TiO, surface, a localized surface plasmon resonance
(LSPR) effect induced by the Au nanoparticles disturbed the electron transport in
the bacteria’s respiratory chain and caused the bacteria to exterminate [15]. For
structural applications, research had been conducted to fabricate nanorodes in top-
down or bottom-up direction by using the dewetted metal particles as an etch mask
layer or a catalyst for epitaxial growth [16, 17].

In this research, the dewetting behaviors of low melting point metal were
investigated by plasma treating Sn film (T,, = 232 °C). Sn films were deposited by
a DC magnetron sputter on SiO,/Si substrates and were plasma treated under an H,
environment using an inductively coupled plasma (ICP) source. A range of test
conditions were evaluated to observe changes in particle size and size distribution.
As an attempt to imitate the Sn solder bumps used in semiconductor packaging, Sn
film dewetting was experimented on a templated substrate to produce an array of
ordered Sn particles. Also, utilizing the rapid and non-thermal characteristics of the
plasma treatment process, the study was applied to fabricate a meshed type metal

transparent conductive film on polymer substrates.
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II. Experimental

2.1 Deposition method

2.1.1 Substrates

Depending on the purpose of the experiment, substrate material and surface

topography were varied.
2.1.1.1 Smooth substrate

Si wafers coated with 500 nm silicon oxide were used. The Si wafer was
boron-doped p-type with (100) orientation, having a resistivity range from 1 to 30
Q-cm.

2.1.1.2 Templated substrate

Templated substrates A, B, and C (Figure 2-1-1) were prepared on (100) Si
wafers coated with a silicon nitride layer. Square and circular arrays were patterned
on the silicon nitride layer using photolithography and CF4-base reactive ion
etching. Template C was placed in 30 % KOH solution at 80 °C for a specific
duration to produce tapered side-walls and leveled floors. After the anisotropic wet

etch, the silicon nitride layer was removed by an additional reactive ion etching.
2.1.1.3 Polymer substrate

Polycarbonate (PC) was used as the polymer substrate. The thickness of
the PC substrates were 1 mm.
2.1.2 Deposition system

The schematic of the DC magnetron sputter and the deposition condition

are shown in Figure 2-1-2 and Table 2-1. Prior to deposition, all substrates (except
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PC) were cleaned in ultrasonic acetone and ethanol baths for 15 minutes
consecutively; PC substrates were cleaned in ethanol baths only due to its reaction

with acetone. Sn was sputter deposited onto the substrates with a deposition rate of

100 nm per minute from a 99.999 % pure target.
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Table 2-1. Experimental conditions of Sn film deposition.

Process

Sn deposition

Tool
Base Pressure (Pa)
Operating Pressure (Pa)

Gas (sccm)
Input Power (W)

Target

Deposition Rate (nm/min)

DC magnetron sputter
2.6x 10"
1.35
Ar 20

DC 100

Sn 99.999 %
100

23



cross-view

plan-view

Template A Template B Template C

Figure 2-1-1. Templated substrates prepared on (100) Si wafers by
photolithography and etch.
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Load-lock
System

DC Power

Figure 2-1-2. Schematic diagram of the DC magnetron sputter.
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2.2 Plasma treatment method

The schematic of the ICP vacuum chamber and plasma treatment
conditions are shown in Figure 2-2-1 and Table 2-2. Plasma dewetting was carried
out at 2.7 Pa (20 mTorr) in an H, atmosphere. Plasma was generated by an external
ICP source having a radio-frequency of 13.56 MHz. The RF power was induced
through an Au-coated spiral Cu coil, which was installed above a quartz plate that
served as the chamber lid. As a reference to the chamber user, the temperature of
the substrate area was measured as a function of plasma treatment time (Figure 2-

2-2).
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Table 2-2. Experimental conditions of H, plasma treatment.

Process

H, plasma treatment

Tool
Base Pressure (Pa)
Operating Pressure (Pa)

Gas (sccm)

Radio Frequency (MHz)

Input Power (W)

ICP vacuum chamber
6.7x 107
2.7

H, 20 or Ar 20

13.56

0, 300 — 400, 800

27



Matchbox RF Power

ICP coil

Quartz
Window

Load-lock
System

Figure 2-2-1. Schematic diagram of plasma treatment system.
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Figure 2-2-2. Substrate temperature of ICP chamber a function of plasma treatment

time. The operating condition was 2.7 Pa with Ar flow of 20 sccm at 500 W input

power.
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2.3 Synthesis of metal mesh transparent conductive film

For one of the applications of Sn particles, the particles were used as a
mask layer to produce the mesh areas in metal-based transparent conductive film
(TCF). The following procedure was executed to synthesize the metal mesh TCF
(Figure 2-3-1):

a. Deposition of Sn film on transparent (glass or PC) substrate,
b. Plasma treatment to dewet Sn film into particles,
c. Deposition of conductive film (Au, Ag, or Cu) over Sn particles, and

d. Removal of Sn particles by a selective wet etch using HCI solution.

2.3.1 Deposition of Au film

Au film was deposited by a DC magnetron sputter with a deposition rate of

6 nm per minute from a 99.99 % target.

2.3.2 Removal of Sn particles

During the last step of synthesizing metal mesh TCF, the samples were
placed in ultrasonic hydrochloric acid solutions to remove the Sn particles. The
molarity of the HCI solution and treatment time varied depending on the substrate
material due to varying adhesion strength between film material and substrate
surface. For Sn particles formed on glass substrates, the samples were treated in
0.05 M HCI for 4 hours. For PC substrate samples, the molarity and treatment

times changed to 0.15 M and 2 hours.
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Figure 2-3-1. Process flow of metal-based transparent conductive film fabricated

by plasma dewetted Sn particles.
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2.4 Analysis method

2.4.1 Surface morphology inspection

The surface morphologies of the sample surface were inspected by field-
emission scanning electron microscopy (FESEM, Hitachi SU70). The SEM images
were analyzed using a computer software (Image-Pro Plus) to perform a statistical

analysis of dewetted particles.

2.4.2 Film characterization

2.4.2.1 Crystal structure
Crystal structures of the Sn film and dewetted particles were analyzed by
X-ray diffraction (XRD, Bruker. New D8 Advanced).
2.3.2.2 Optical transmittance
Optical spectra of metal mesh TCF samples were collected by a Varian
Cary 5000 UV-Vis spectrometer in wavelengths ranging from 400 to 700 nm.
2.3.2.3 Binding energy
X-ray photoelectron spectroscopy of PC substrates were obtained by a

Kratos Axis-His.
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III. Results and discussion

3.1 Morphology evolution of Sn film dewetting

The morphology of Sn film was observed at different plasma treatment
times (Figure 3-1-1). After depositing 1600 nm of Sn film on smooth SiO,
substrate, plasma treatment was conducted from 0 to 300 seconds. The dewetting
process began with hole formation (Figure 3-1-1b). With longer plasma exposure,
the hole area expanded; progressively, the film developed into ridges (Figure 3-1-
1f), which later detached into smaller islands, and the islands turned into sphere-
forms, which are commonly referred to as particles. Unlike the dewetting model
proposed by Danielson et al. in section 1.3, finger-like morphology was not
monitored during the dewetting process of Sn film. The varying result seems to
have come from the number of hole formation sites. In contrast to the dewetting
model which proceeded from one hole (or film edge), the dewetting of Sn film
began from simultaneous hole formations in multiple sites. Consequently, when the
mass on film edge accumulated to the neighboring flat film area, the film
agglomerated from multiple directions, producing the narrow ridges, which
separated into discrete islands by Rayleigh instability.

Longer plasma treatment times were conducted to observe further changes
in the particle morphology or particle size distribution. However, as shown in
Figure 3-1-2, results of 10 minutes and 19 hours of plasma treatment conditions did
not have any significant difference. Also, other treatment conditions, such as
hydrogen gas thermal annealing and argon plasma treatment, were attempted to

dewet the Sn films (Figure 3-1-3). Little or no change occurring on the Sn film
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under these conditions suggested that sufficient energy transfer as well as oxide
removal are both needed in dewetting the Sn films.

The morphological change of 200 nm Sn film was also inspected as shown
in Figure 3-1-4. The dewetting sequence were very similar to that of 1600 nm Sn
film except in the stage of hole formation. The holes in the thinner film appeared to
be the cracks, which already existed in the as-deposited film, enlarged with plasma
treatment. Figure 3-1-5 shows magnified images of the hole formation stage of 200

nm and 1600 nm Sn films for easier comparison.
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Figure 3-1-1. SEM images of 1600 nm thick Sn films after RF 300 W H, plasma

treatment. Experiment times are indicated in each image.
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Figure 3-1-2. a, b) SEM images of 2000 nm thick Sn films after RF 400 W H,
plasma treatment. Experiment times are indicated in each image. c) Histograms of

particle size distribution produced from 2000 nm Sn films.
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Figure 3-1-3. SEM images of 1600 nm thick Sn film after a) no treatment, b) 300
°C H, annealing for 6 hours, c) Ar plasma treatment at RF 300 W for 5 minutes,
and d) Ar plasma treatment at RF 800 W for 5 minutes.

; 2 A=t



As-depos.

SO

Figure 3-1-4. SEM images of 200 nm thick Sn films after RF 300 W H, plasma

treatment. Experiment times are indicated in each image.
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Figure 3-1-5. SEM images of Sn films at their hole formation stage. Initial film

thickness is indicated in each image.
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3.2 Dewetting mechanism of Sn film under hydrogen
plasma treatment

Metal particles made from film dewetting are closely related to the
thickness of their initial films. As it is described in the introduction, particle size
varies with the 5/3 power of the film thickness in spinodal dewetting, while results
of hole nucleation and growth show a linear relationship between particle size and
film thickness [11-13]. Such observations have generally been used to distinguish
the dominant mechanism of the dewetting process. In this experiment, behaviors of
both spinodal dewetting and hole nucleation and growth were observed when the
average diameter of Sn particles were plotted with respect to their initial film
thickness as shown in Figure 3-2-1. The data in this figure were obtained by
plasma treating Sn films from 50 nm to 2000 nm deposited on smooth SiO,/Si
substrates. Hydrogen plasma was used in the experiment to prevent oxidation and
promote self-diffusion of the metal atoms. SEM images of each sample were
analyzed using a computer software to collect statistical information of the particle
diameters (Figure 3-2-2).

When drawing a best fit line through the data points from film thickness of
50 nm to 600 nm, the particle diameter varied exponentially to the film thickness
with powers close to 5/3. On the other hand, particles produced from films above
600 nm to 2 um showed a linear growth in particle diameter with respect to film
thickness. Considering the low melting point of Sn film, it can be expected that the
dewetting of thinner films were initiated in liquid-state, thus showing spinodal-like

behavior.
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Additional evidence of hole nucleation and growth behavior at thicker Sn
films is shown in Figure 3-2-3. When conducting electron backscatter diffraction
on a 1600 nm thick Sn film, nucleated holes were spotted in areas between grain
boundaries. The different dewetting behaviors observed in the Sn films can be
explained by discussing i) the energy gradient, and ii) gravitational force in the
film. During plasma treatment, plasma energy is transferred to the film by
accelerated ions bombarding the film surface. Inevitably, an energy gradient
develops, and the atoms near the surface become more energetically active than the
atoms in the bulk. At low film thickness, the energy difference between the surface
and bulk is small. Thus, when sufficient plasma energy is applied, the film
fluctuates or melts as a whole, causing spinodal dewetting. At higher film
thicknesses, the energy difference between the surface and bulk atoms becomes
more apparent. In these situations, the surface atoms diffuse and activate the
dewetting process by means of hole nucleation and growth before sufficient plasma
energy reaches the bulk.

In addition to the van der Waals force and surface tension mentioned in
section 1.2, there is a third force that affects the activation of spinodal dewetting.
This force is the gravitation force in film, which increases with the square of film
thickness. When the film is thin, the gravitational force is small enough to be
neglected. However, above a certain film thickness, the strength of the gravitational
force becomes significantly large that it opposes the amplification of the thermal
fluctuation [12].

According to Krishna et al, a thickness-dependent free energy curve is

produced by considering the van der Waals force, surface tension, and gravitational
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force in a metal film (Figure 3-2-4) [12]. In this curve, there are three distinct
stability regimes: unstable, metastable, and stable. For typical metal films, the
unstable regime and metastable regime lies before and after 1000 nm. When the
film is thin and unstable, hole formation occurs through spinodal dewetting,
whereas for films in the metastable regime, dewetting is initiated by hole
nucleation and growth. In this experiment, where sputter deposited Sn film was
treated with hydrogen plasma, the transition in dewetting behavior was observed at
600 nm, which is considered to be in close range to the transition thickness

predicted by Krishna.
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Figure 3-2-1. Average particle diameter as a function of initial film thickness of
dewetted Sn films.
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Figure 3-2-3. SEM (left) and EBSD (right) images of 1600 nm Sn film at hole

formation stage.
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3.3 Dewetted particle size and size distribution control

3.3.1 RF power effect

Same Sn films of 50 nm to 2000 nm were plasma treated at different RF
powers as shown in Figure 3-3-1. At film thickness below 600 nm, an increase in
particle size was observed at each film thickness when increasing the RF power. As
the exponent values of the film thickness were increased closer to 5/3, it seemed
that the tendency for spinodal-like behavior grew stronger. Similar results were
observed when plotting the inter-particle distance of the dewetted Sn particles at
the same film thickness regions (Figure 3-3-2). At film thickness above 600 nm,
the results were contrary; the particle size decreased with increasing RF power.

RF power is a dominant factor controlling the electron temperature and the
density of plasma. During plasma treatment, plasma energy is transferred to the
film surface by ions which carry more or less uniform energy equivalent to the
sheath potential. The density of these ions and sheath potential are determined by
the plasma density and electron temperature, which both increase with increasing
RF power [18].

A clear difference in particle size distribution was observed while
comparing the results conducted at 300 W and 400 W of same film thickness. As
shown in Figure 3-3-3, the range of the particle size distribution is narrower at the
higher RF power. This change in particle size and size distribution is more apparent
when the data is plotted as line graphs (Figure 3-3-4). When the RF power was
increased, particle size and size distribution decreased while the number of

particles per area steadily increased.
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According to previous studies, when sufficiently high plasma energy was
applied to dewet metal films through hole nucleation and growth, the ion
bombardment energy was calculated to be higher than the minimum displacement
threshold energy of the metal film but insufficient to sputter the metal atoms [19].
Increasing the RF power is presumed to cause more rapid diffusion of surface
atoms and enhance the rate of hole nucleation. Subsequently, larger number of
holes separate the film into smaller areas, which develop into thinner ridges that

break up into particles of reduced size.
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Figure 3-3-2. Inter-particle distance of dewetted Sn particles as a function of Sn
film. H, plasma treatment was conducted at a) RF 300 W, b) RF 350 W, and ¢) RF
800 W.

30

Counts (%)

2 4 6 8 10 12 14 16 18 20
Particle Diameter (um)

Figure 3-3-3. Histograms of particle size distributions produced by dewetting 1600
nm thick Sn films on smooth SiO,/Si substrates at RF 300 W and 400 W.
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Figure 3-3-4. a) Average particle diameter, b) standard deviation of the particle

diameters, and ¢) number of particles per area as a function of RF power.

3.3.2 Repeated dewetting

In an attempt to produce other types of distributions, the dewetting process
was conducted repeatedly: deposition and plasma treatment followed by a second
set of deposition and plasma treatment. In repeated dewetting, results of the particle
size and size distribution varied depending on the thickness of first and second Sn
films. As shown in Figure 3-3-5, which denotes the thicknesses of the first and
second films as t; and t,, respectively, a bimodal distribution of particle size was
produced when t; was greater than t,. On the other hand, when t; was smaller than
t,, the resulting particle size and size distribution were similar to those of a single
dewetting process of film thickness that is equivalent to the sum of t; and t,.

To understand such results, the morphological change of the repeated
dewetting process was explored. As shown in Figure 3-3-6, proceedings of the
dewetting process of the second film was observed at varying plasma treatment
times. When t; was greater than t,, the particles of t; maintained their presence
throughout the dewetting process. A small increase in the particle size was present
due to the portion of the second film that was deposited on top and around. It
appeared that the remaining portion of the second film dewetted with little
influence of the initially dewetted particles. On the other hand, when t; was
smaller than t,, the presence of the t; particles disappeared during the dewetting of

the second film. Since the relative size of t; particle was small compared to t,, after
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hole formation in the second film, the volume of t; particles merged with the
volume of t,, and dewetting proceeded as if a single layer film were being dewetted.

The histograms of the dewetted particles of single dewetting and repeated
dewetting were placed together for comparison (Figure 3-3-7). The single
dewetting results of 200 nm and 300 nm Sn films were compared with the result of
300 nm/200 nm repeated dewetting. Although the input RF powers of the plasma
treatment conditions were not consistent, the particle size distribution of the
repeated dewetting process seemed to have the sum of the two single dewetted
particle size distributions. It is recommended this experiment be repeated with
same RF power to verify the accuracy of this observation.

Repeated dewetting of same film thickness (300 nm/300 nm) was also
conducted (Figure 3-3-8). Compared to the particle size distribution of a single
dewetting, the size of the particles were in similar range, but the numbers of
particles in each bin of the histogram nearly doubled. Figure 3-3-9 shows the
particles dewetted from 600 nm film, and the contrast between the results of

repeated and single dewetting are again observed.
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Figure 3-3-5. SEM images of Sn particles after repeated dewetting process.
Thickness of first and second films as well as RF power of H, plasma treatment are

indicated in each image.
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Figure 3-3-6. SEM images of Sn film during repeated dewetting process. Times in
each image refer to H, plasma treatment time of second film. t; and t, refer to the
thickness of first and second films. Plasma treatments were conducted at RF 500 W

and 300 W for t; and t,, respectively.
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Figure 3-3-7. SEM images of single and repeated dewetting process of Sn film.

Corresponding histograms of the particle size distribution are shown next to the

SEM images. Film thickness and plasma treatment power are indicated in each

image.
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Figure 3-3-8. Histograms of particle size distributions of single and repeated

dewetting process of 300 nm and 300 nm/300 nm Sn films. H, plasma treatment

was conducted at RF 500 W for 2 minutes.

58



Figure. 3-3-9. SEM images of Sn particles after single and repeated dewetting.
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3.3.3 Templated substrate

The dewetting phenomenon of Sn film under plasma treatment was also
examined by varying the substrate template (Figure 3-3-10). The templated
substrates were prepared by conducting a set of photolithography and etch at the

Inter-university Semiconductor Research Center of Seoul National University.

3.3.3.1 Templates A & B

Plasma treatment results of Sn film on templates A and B are shown in
Figure 3-3-11 and 3-3-12, respectively. Film thickness was varied from a few
hundred nanometers to about 2 um. Dewetted particles were observed both inside
and outside the trench areas. At low film thickness, 3 to 5 discrete particles were
formed inside the trench areas, and the number decreased at higher thicknesses. On
template A, one particle of similar size was formed in each trench at 600 nm and
above. While the particles located outside the trench continued to increase in size,
the particles inside the trench area ceased to grow after 600 nm. Likewise, on
template B, the particles formed on mesas, between the trenches, grew
continuously with film thickness, whereas the particles formed on the trench
interior walls maintained their size after 1 pm. In these templates, the particles

formed outside the trenches were always larger than the particles formed inside.

3.3.3.2 Template C

The dewetting results of template C are shown in Figure 3-3-13. Compared

to templates A and B, the major difference in template C was the tapered profile of
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the trench sidewalls. Plasma dewetting of Sn film from 1500 nm to 4000 nm was
conducted on trenches of varying widths from 5 pm to 20 pum. Unlike the results
observed in templates A and B, all the particles were formed inside the trench
interior.

To understand the contrasting results of template C from templates A and
B, cross-SEM images before plasma treatment were observed as shown in Figure
3-3-14. Due to the trench sidewall profiles that were almost perpendicular in
templates A and B, the thickness of the Sn film was not conformal. As oppose to
the film deposited outside or on the mesas, thinner layers of Sn film were deposited
on the trench interior. It is presumed that hole formations occurred at the trench
corners or sidewalls where the film thickness was relatively thin. Since the
deposited Sn film was thicker on the outside, the particles formed outside the
trenches were larger at all film conditions.

On the other hand, the tapered sidewall profile enabled a more conformal
film deposition on template C. Almost equal thicknesses of Sn film were deposited
on every surface. Also, the sidewalls in template C were intentionally designed

very narrow to have all the film mass fall into the trench areas.
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Figure 3-3-10. SEM images of templated substrates used in experiment.
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Figure 3-3-11. SEM images of dewetted Sn particles on template A. Plasma
treatment was conducted at RF 700 W for 30 minutes. Sn film thickness is

indicated in each image.
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Figure 3-3-12. SEM images of dewetted Sn particles on template B. Plasma
treatment was conducted at RF 700 W for 30 minutes. Sn film thickness is

indicated in each image.
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Figure 3-3-13. SEM images of dewetted Sn particles on template C. Plasma
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width are indicated in figure.
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Figure 3-3-14. SEM images of Sn film on templates A, B, and C before plasma

treatment.

; &5 A =T



3.4 Application I: Sn film dewetting for solder bump
fabrication

3.4.1 Introduction of solder bump interconnections

Sn is a base material used for the fabrication of solder bumps (or solder
joints), which are interconnections used in chip packaging to join a completed
semiconductor chip to its external circuitry (Figure 3-4-1) [20]. Solder bumps are
deposited on the metal pads of the semiconductor chip. In the conventional solder
bump process, multi-step photolithography is performed twice: once to define the
metal pad areas and another to outline the size and position of the solder bumps
(Figure 3-4-2). Photolithography is very reliable and produces consistent results,

yet the technique is costly and requires a series of process steps.

3.4.2 Solder bump fabrication by plasma-induced dewetting
of Sn film

With the dewetting results on smooth substrates, an attempt was made to
produce an array of Sn particles of similar size using template C to imitate the Sn
solder bumps used in semiconductor packaging. The leveled floors in the trenches
were made intentionally to simulate metal pads on the semiconductor chips (Figure
3-4-3a). After depositing a specific amount of Sn film on the templated substrate to
form one particle per trench, hydrogen plasma treatment was conducted at different
RF powers. Overall, most particles formed inside the trench areas in contact with
the trench floors as shown in the cross-sectional view of Figure 3-4-3b. After

dewetting at 300 W, only an approximated 75 percent of the trenches were filled
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with Sn particles of considerably different sizes (Figure 3-4-3c). With the RF
power increased from 300 W to 800 W, particles of similar size were observed
without any empty trenches (Figure 3-4-3b).

A dewetting experiment with a template substrate was also conducted by
thermal annealing deposited Au films in a nanometer scale, and the dewetted
results were explained by Au film thickness and template geometry [21]. It has
been described that a mass flux of the surface film from the positive curvature to
the negative curvature causes the film to flatten, and holes occur at the top of the
trench walls when the top surface film meets the substrate surface. In this
experiment, however, the dewetting behavior was dependent on the RF power.
Unlike the case of thin Au films, holes were formed on the surface of the trench
sidewalls rather than at the top of the sidewalls (Figure 3-4-3d). The dewetting
mechanism on the trench patterns of micrometer scale Sn film may differ from that
of the nanometer scale Au film. During plasma treatments of high RF power, large
numbers of holes nucleate, separating and distributing the Sn film evenly into the
trench areas producing particles of similar size. At lower RF power conditions, the
film fails to separate evenly due to insufficient hole nucleation, producing islands
that spread across neighboring trenches, agglomerate into particles of varying size,
and leave empty trenches.

The findings obtained from the high RF power dewetting results on
template C suggested a new design for the fabrication of solder bumps (Figure 3-4-
4). In this design, the number of photolithography steps decreased to one, allowing
reduction in manufacturing cost and time. Figure 3-4-5 shows the SEM images of

the last three steps of this new process.
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Figure 3-4-1. Illustration of semiconductor chip connecting to external circuitry via

solder bumps.
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Figure 3-4-5. SEM images of last three steps of solder bump process by plasma

induced-dewetting.
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3.5 Application II: Sn film dewetting for metal mesh
transparent conductive film fabrication

3.5.1 Introduction of metal-based transparent conductive

films

The market for transparent conductive films (TCFs) is expected to reach
US § 1.2 billion in 2025 [22]. The dominant portion of this market will still be
indium tin oxide (ITO). However, forecasts predict that, due to the physical
limitations of ITO on flexible applications and shortage of indium supply,
considerable amount of the market will be shared with ITO alternatives. Much
research is conducted on fabricating metal based TCFs [23-28]. Metal films
intrinsically possess high conductivity due to their free electron density, and their
optical, electrical, and physical properties have been demonstrated in many ways to
be promising not only for flat touch screens, but also flexible and foldable
applications. Ultimately, the two most important properties of TCFs are optical
transparency and conductivity, and they had been the research focus on developing
ITO alternatives. However, after validating the performance of metal-based TCFs,

the focus is currently shifting towards low cost and mass fabrication methods.

3.5.2 Metal mesh transparent conductive film fabricated by
plasma-dewetted Sn particle mask

In this experiment, a simple and cost effective fabrication method for
meshed-type metal-based TCFs using plasma dewetted Sn particle mask was

investigated. Plasma dewetting enables the synthesis of a well-distributed mask
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pattern for the mesh areas of the TCF without implementing the costly multi-step
photolithography process. Due to its low melting temperature, the dewetting of Sn
film occurs rapidly under a hydrogen-based plasma treatment at room temperature.
Depending on the initial thickness of the Sn film, results in section 3.3 have shown
that nanometer to micrometer scale particle arrays are produced within a few
minutes. Using this technique, metal mesh TCF can be directly fabricated on glass
and as well as on polymer substrates.

The fabrication method of the metal mesh TCF in this experiment consists
of four steps. First, the substrate material is selected, and Sn film is deposited on
the surface substrate (Figure 2-3-la). The substrate material can be glass or
polymer, and the Sn film can be deposited via magnetron sputtering or evaporation.
In this experiment, the metal mesh was fabricated on both glass and polycarbonate
substrates, and DC magnetron sputtering was conducted to deposit the Sn films.
Second, the Sn film is dewetted into an array of particles by hydrogen plasma
treatment (Figure 2-3-1b). Third, conductive layer is deposited on the sample
surface (Figure 2-3-1c). The feasibility of this fabrication method was tested with
DC sputtered Au, but other metals, such as Ag and Cu, are also suitable for the
conductive layer. Fourth, Sn particle mask layer is removed by a selective wet etch
process using hydrochloric acid (HCI) solution (Figure 2-3-1d). HCI reacts with Sn
by the following chemical equation:

Sn (s) + 2 HCl (aq) = SnCl, (aq) + Ha(g) @)

Glass and PC are resistant to HCI1 [29]. Au does not react with HCI unless

there is an additional oxidizing agent present in the solution. Accordingly, an array
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of open areas develop when the Sn particles are removed, leaving a mesh-type Au
film on the substrate surface.

Before conducting the experiment on PC substrates, which are easily
scratched and sensitive to processing temperatures, preliminary experiments were
carried out on glass substrates. Sn films from 33 nm to 100 nm were deposited and
plasma dewetted to synthesize particles of different size distribution. Figure 3-5-1
shows the plan-view SEM images of the Au mesh electrodes after removing the Sn
particles. As shown in the images, each Sn film thickness produces a different
particle size distribution and yields mesh patterns of different open area percentage.
The open area percentages of the mesh electrodes were measured using a computer
software and plotted as a function of Sn film thickness along with the average
transmittance of the samples from wavelength 400 nm to 700 nm (Figure 3-5-2).
From this plot, it can be seen that the transmittance values follow the trend of the
open area percentage. Both transmittance and open area show maximum values at
Sn 50 nm and decrease with Sn film thickness. Also, considering the transmittance
values measured for the as-deposited Au films, the experimental transmittance
results are fairly consistent with the expected values, which are calculated by the
open area percentage and the transmittance of the as-deposited Au films. These
observations verify that the fabrication method using the Sn particles is effective in
producing well-defined mesh patterns, and the mesh patterns are tunable by the
distribution of the Sn particles.

The sheet resistance of the samples were collected and plotted as a function
of Au film thickness (Figure 3-5-3). The total range of the sheet resistance of the

samples varied from 40 to 105 €3/sq while the thickness of the conductive layer, Au
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film, ranged from 8 to 12 nm. Although the conductive film varies very little in
thickness, a noticeable trend in sheet resistance is observed. Some of the Au 8 nm
resistance values are omitted in the plot because their values were several hundred
Q)/sq and could not be plotted on the same scale.

The values of Figure 3-5-2 and 3-5-3 were merged together as shown in
Figure 3-5-4 to observe the transmittance of the samples with respect to their sheet
resistance. Overall, the tradeoff between optical transmittance and -electrical
conductivity is apparent. Still, some samples showed comparably higher
transmittance, while having lower sheet resistance than others. After comparing the
sample results on glass substrates, the sample condition with relatively high
transmittance (85 %) and low sheet resistance (77 €/sq) was transferred on PC
substrate.

For the 50 nm Sn film deposited for the mask layer on the PC substrate,
film separation was monitored after only a few seconds of hydrogen plasma
treatment. In Figure 3-5-5, the Au mesh films before and after Sn mask removal are
shown at different times of hydrogen plasma treatment of the Sn film. During the
dewetting process of Sn film, the film morphology gradually changes, resulting in
varying amounts of substrate surface area being covered by the Sn film. When the
mask is etched away in HCI solution, this covered area is directly converted to
open areas in the subsequently deposited Au film. After 7 seconds of plasma
treatment, the Sn film is separated into smaller pieces of islands, however, the
islands are yet to be fully dewetted and are spread thin on the substrate surface.
After longer plasma treatment times, the islands agglomerate into particles, and the

area covered by the mask layer decreases. In this experiment, from 10 to 30
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seconds of hydrogen plasma treatment of the mask layer, the open area of the Au
mesh film decreased from 62 % to 52 %, and the average transmittance varied from
80 to 76 % (Figure 3-5-6).

When comparing the performance of the fabricated Au mesh film on glass
and PC substrates, the sheet resistance values were comparable, but a five to nine
percent decrease in transmittance was noticed in the PC substrate samples. There
are two factors that could have led to the decrease in transmittance. First is the
decrease in the open area percentage of the mesh film made on PC substrate.
Although the same 50 nm Sn film was deposited and treated with the same
hydrogen plasma, lower open area percentages were measured from the mesh films
on the PC substrates. The process of metal film dewetting is affected by the surface
energies in the metal film to substrate system and the density of holes nucleating at
the initial stage of the dewetting process [2]. Accordingly, the change in substrate
material from glass to PC inevitably changes both of these variables and produces
different size distributions of the Sn particles.

The second factor in decreased transmittance is expected to come from
substrate damage during the plasma treatment of the PC substrate. The plasma
treatment, conducted to dewet the Sn film, is carried out for less than a minute at
room temperature. Thus, there is hardly any effect on the bulk of the PC material.
However, while the plasma energy transfers through ion bombardment to the PC
surface, some changes occur on the PC substrate surface. The changes in substrate
surface were verified by XPS and transmittance measurements using bare PC
substrates. The XPS data of bare PC surface after plasma treatment is shown in

Figure 3-5-7. To observe the change in binding energies, the Ols peak was
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deconvoluted into C-O and C=0 peaks by curve fitting. With plasma treatment
time, the intensity of C=0O decreases while the intensity of C-O increases.
Interpretation of this phenomenon is still unclear, but it is certain that changes in
the binding energies are occurring on PC surface during the plasma treatment
process.

To observe the influence of hydrogen plasma treatment on sample
transmittance, bare PC substrates were plasma treated using the same experimental
condition. The normalized transmittance of the PC substrates after the plasma
treatment is shown in Figure 5a. As shown in the figure, a gradual fall in
transmittance is observed from 400 to 600 nm wavelengths. Considering that a
similar decrease in transmittance is observed in the Au mesh made on PC
substrates (Figure 3-5-8), it is possible that the hydrogen plasma is affecting the PC
surface while dewetting the Sn film. Based on these observations, in order to
obtain highest transmittance on PC, the plasma treatment of Sn film should be
conducted just enough to separate the film into individual islands. This way, there
is minimum plasma effect on PC substrate, and the open area percentage is high in
the resulting mesh film.

Compared to the fabrication method and performance of other metal-based
TCFs, current fabrication method is simple, yet the performance needs much
improvement, especially in terms of sheet resistance if it will be used for
commercial applications [24]. The decrease in transmittance of PC samples after
plasma treatment is another variable that requires attention. Both transmittance and
sheet resistance are expected to be enhanced when enlarging the mesh areas in the

film. Since the experimental results have verified that the Sn mask pattern, which
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directly shapes the mesh areas, is tunable by initial film thickness and plasma
dewetting time, testing of a wider range of variables and process optimization is
anticipated to yield sufficient improvements in the performance of the Au mesh

transparent conductive film.
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Sn film before H, plasma treatment and Au film are indicated in each image.
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IV. Conclusion

The dewetting mechanism of H, plasma treated Sn film on smooth
substrates was investigated at various film thicknesses. At film thickness < 600 nm,
the dewetted particle size showed a spinodal-like dewetting behavior by varying
exponentially to the film thickness. At higher film thicknesses, a linear relationship
between the particle size and film thickness was observed, which implied that film
dewetting was activated by hole nucleation and growth. The morphological
evolution of 1600 nm Sn film during the dewetting process and EBSD inspection
of the hole nucleation stage confirmed the nucleation and growth mechanism. The
different dewetting behaviors were explained by discussing the energy gradient and
gravitational force developing in the thicker films.

When varying the RF power during plasma treatment, dewetted particles
on smooth substrate showed changes in particle size and size distribution. At film
thickness regions of hole nucleation and growth mechanism, test conditions of
relatively high RF powers produced smaller particle size along with higher size
uniformity compared to results of low RF powers. Likewise, when applying high
RF power on Sn films deposited on templated substrates, particles of similar size
were produced without any empty trenches. In both smooth and templated
substrates, the RF power, which determines the ion density and electron
temperature of the plasma, is presumed to affect the hole nucleation rate during Sn
film dewetting; raising the RF power increases the number of hole formation and
separates the film into reduced areas that subsequently agglomerate into particles
of reduced size and reduced size distribution. Repeating the dewetting sequence

further expanded the scope of particle distribution attainable by metal film

89 ..:l 7 _._'_'\;_ 11 ..':



dewetting. Depending on the relative thicknesses of the first and second films,
increasing particle density and producing a bimodal particle distribution was made
possible.

A uniformly distributed particle mask layer was produced on PC substrates
by implementing a room temperature plasma dewetting process on Sn film. After
depositing the Au conductive layer over the dewetted Sn particles and dissolving
the Sn particles by HCI, a mesh-type Au transparent conductive film was fabricated.
Within the experimental conditions discussed in this work, a sample made on glass

substrate showed an optimum performance of 85 % transmittance with 77 €/sq.
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