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CHAPTER |

INTRODUCTION

Polystyrene thin films have numerous technology applications. These films on
solid surface are used as dielectric coating, lithography resisting, electronic packaging,
and surfaces lubricating because of a remarkable insulation property of polystyrene. As
electronic products become smaller, the thinner coating is required. Polymer thin films
need to be stable on the solid substrate in application. However many parameters
influence the stability of the films, such as molecular weight, film thickness and
temperature [1-5]. By decreasing polymer film thickness or annealing the films at
temperature above Tg, the unstable polymer films tend to coalesce and form polymer
dropplets [6]. In this case, continuous film is destroyed and the film cannot spread over

the substrate, this phenomenon is called dewetting behavior.

Many researchers have investigated how to retard the dewetting behaviour of
polymer thin films. Several techniques used for inhibit this behaviour based on the two
general principles, thermodynamics and kinetics [7]. Thermodynamic strategy aims to
change the surface energy while kinetic strategy involves reducing the mobility of the
polymer chains. By modifying the interfacial tension between film and substrate, the
stability of the polymer thin film is improved. Interface modification technique relies on
improving polymer-substrate interactions [8-12]. Several materials containing chemical
compositions that are compatible to the polymer thin film are used for modifying the
substrate of surface, such as a grafting homopolymer, a random copolymer and a
functionalized self-assembled monolayer (SAM) [10, 13-20]. Although substrate
modification can extend a strong interfacial interaction, this process is complicated.
Moreover, this approach tends to alter the film properties which might be undesirable.
An alternative technique of the interface modification is polymer modification. An end-

functionalized polymer chain with sticky end group forms polymer brushes on the



substrate [11, 13, 14, 18, 19, 21]. The segregation of the modified polymer to the
substrate changes the interface tension, thus suppressing the dewetting behavior. A
fascinating strategy to repress dewetting behavior has been presented by Barnes et al.
[22]. Addition of a small amount of fullerene into polystyrene and polybutadiene thin
films significantly enhances film stability. In recent years, many researchers have
investigated the mechanism of this phenomenon and have discovered other

nanoparticles that can be used as dewetting inhibitors [23-31].

In this research, the stability of polystyrene thin films with addition of highly
branched aromatic molecules, three-arm polystyrene and metal oxide nanoparticles are
investigated. All films are annealed at temperatures higher than T, of the polystyrene for
various times. The dewetting behavior and stability of all films are investigated.
Topography, roughness and thickness are examined by atomic force microscopy
(AFM). Topography and % dewetting area are examined by optical microscopy (OM).
Contact angles are measured using a contact angle meter. Chemical structures of
highly branched aromatic molecules used in this research are shown in Figure 1.1.
These highly branched aromatic molecules behave as anchoring sites or physical cross-
linking points for PS chains within the entire film. The mobility of polymer films is
expected to reduce. Since the appearance of oxygen atoms and the structure symmetry
of the two highly branched aromatic molecules are different, one may also expected the
difference in ability to wet substrate. Another hyperbranched polymer additive used in
this work is three-arm polystyrenes as shown in Figure 1.2. The entanglement within the
mixed films is expected to increase with this hyperbranched polymer and the chain
mobility should be reduced, leading to retardation of dewetting behavior. Suppressing
the dewetting of the film with nanoparticles is also observed. Titanium dioxide and zinc
dioxide nanoparticles are expected to improve stability of the filled-film by pinning
contact line effect and changing interfacial interaction between film and substrate as

shown in Figure 1.3.
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Figure 1.1 Chemical structures of (a) highly branched aromatic molecules HBA1, (b)
highly branched aromatic molecules HBA2, and (c) Schematic model of interaction

between highly branched aromatic molecules, polystyrene, and substrate
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Figure 1.2 (a) Chemical structure of three-arm polystyrene. (b) Schematic model of

interaction between three-arm polystyrene, polystyrene, and substrate
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Figure 1.3 Schematic model of interaction between nanoparticles, polystyrene,

and substrate



OBJECTIVES OF THIS RESERCH

1. To study interfacial interaction between pure, mixed and filled polystyrene thin
films and inorganic substrate.
2. To investigate methods for suppressing the instability of the polymeric thin films

on SiO,/Si wafer substrate.



CHAPTER |l

LITERATURE REVIEW

2.1 THEORETICAL BACKGROUND

2.1.1 DEWETTING IN POLYMER FILM

Stable, metastable and unstable polymer films can be distinguished by the
effective interface potential (@(h)) [7]. The effective interface potential (@(h)) is an
excess free energy per unit area which is used for bring two interfaces from infinity to
the distance; h. These two interfaces refer to substrate-film and film-air interface. In the
other word, distance; h, means the thickness of polymer film. As shown in Figure 2.1
curve (1), curve (2) and curve (3) indicate stable, unstable and metastable film,

respectively.

Film thickness (h)

Figure 2.1 The effective interface potential as a function of film thickness,

(1) stable film, (2) unstable film and (3) metastable film [32].



Dewetting is a behaviour occurring in unstable or metastable polymer film. This
action damages the film and finally transforms the continuous film to polymeric droplets.
Dewetting behaviour generally occurs at an interface between organic film and
inorganic substrate because of the difference of two materials. The process is driven by
the balance of the capillary forces at the three phase contact line, substrate, film and air.
Unfavorable interfacial energy between polymer film and metal oxide substrate leads to
the separation between film and substrate. Contact angle (9), surface energy of
substrate yg, surface energy of film . and interfacial tension between substrate and

film ¥ge, as shown in Figure 2.2, are related by Young’s equation [33].

Vs =Vse + Ve cosO (Eq. 2.1)

Wetting property of polymer film can be expressed in terms of a spreading coefficient

(S) [33].

S=Vs—Vr Vs (Eq.2.2)

If the interfacial tension between film and substrate is higher than the surface energy of
substrate, S is negative and dewetting is occurred. Generally, dewetting behavior is an
unwanted process in polymer thin film application because dewetting behavior always

destroys the required properties of polymer film.

7FV

Figure 2.2 Model of three phase contact line, substrate, film, and air



2.1.2 MECHANISMS OF DEWETTING

To clearly understand dewetting process, the mechanisms which induce
dewetting behaviour are explained in this section. Dewetting process can begin via two
mechanisms, i.e. spinodal mechanism and heterogeneous nucleation mechanism.
Spinodal mechanism is caused by the transferring of thermal energy in a wave form [1,
34]. This mechanism occurs in an unstable polymer film. The thermal energy makes the
film moving with an appearance of wave. If the thermal energy is high enough, the

correlated holes are created, as shown in Figure 2.3.

FiL'M’// 4

v |

FILM

ifé;lhterfacial fluctuation

——— —

.~

FILM
r' Correlated holes

Figure 2.3 lllustration of spinodal mechanism

Heterogeneous nucleation mechanism, as shown in Figure 2.4, is caused by the
heterogeneity of surface energy between polymer fiim and solid substrate and the
presence of impurities such as dust particles and/or air bubbles in polymer film. This
mechanism refers to metastable film [35, 36]. In this case, the film needs to overcome a

potential barrier to reach the lowest energy at h=h" The ¢(h) is reduced by an

existence of impurities which can produce the dewetting. Heterogeneous nucleation

mechanism generates the uncorrelated holes and the impurity performs as an initial of



hole. However, it is difficult to make a distinction between metastable and unstable film

because, in experiment, the dewetting can be induced by both mechanisms [2].

0.00 (nm) 130.49

Impurity

o \_ 8L
“ L Uncorrelated holes

Figure 2.4 lllustration of heterogeneous nucleation mechanism

2.1.3 KINETICS OF DEWETTING

Kinetics of dewetting process is also important to follow dewetting behavior. At
normal conditions, below the glass transition temperature of the polymer film (Tg),
polymer thin films on non-wettable solid surface does not dewet immediately, it is in a
metastable state. Annealing the film above the glass transition temperature, the mobility
of polymer molecules is increased. The chains of polymer start to rotate and vibrate to
release the residual stress [37-39]. Finally, polymer films undergo a self-destructive

process and the dewetting behavior is initiated.

Dewetting behavior can be followed by three steps [11]. The first step is called an
early stage. Some small holes can be detected on the continuous film which spreading
cover the substrate. After that, small holes grow and coalesce with increasing heating
time showing ribbon structure. This step is called an intermediate stage. Further

increasing in heating time, unstable ribbon polymer structures are melted and merged
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with others. Lastly, polymer droplets are created on the substrate leading to a final
stage of dewetting process. The polymer film is then completely dewet. All three steps

are shown in Figure 2.5.

10

[um]
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Early stage Intermediate stage Final stage

Figure 2.5 Three states of dewetting process

2.2 INHIBITION OF DEWETTING

Polymer thin film need to be stable on the solid substrate in technology
application. However, many parameters influence the stability of polymer thin films, such
as molecular weight, film thickness and temperature [1-5, 40]. Several researches
investigated how to inhibit dewetting behaviour in polymer thin films. All techniques used
for preventing this behaviour base on two general principles, thermodynamic and kinetic
[7]. Thermodynamic strategy aims to change the surface energy. By increasing the
interfacial interaction between film and substrate, the stability of polymer thin film is
improved. Moreover, reducing the mobility of the polymer chains can promote the

wettability also. This mechanism is based on kinetic strategy.
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2.2.1 DEWETTING INHIBITION BY CHEMICAL MODIFICATION

Modifications of substrate surface and polymer structure are applied for stabilizing
polymer thin films. Interface modification technique relies on improving polymer-
substrate interactions [17, 20, 21, 41, 42]. The material containing some chemical
compositions which has high affinity to polymer thin film is used to modify the substrate
surface, such as a grafting homopolymer, a random copolymer and a functionalized

self-assembled monolayer (SAM) [10, 13-19, 43].

Substrate modifications by using polystyrene brushes have been studied by
Yerushalmi-Rozen et al. [21, 44, 45]. The modified-surface substrate was used or
polystyrene films with the same composition. Although, this experiment can reduce the
difference of surface energy between the film and the substrate, they found that this
modification cannot suppress dewetting behavior. Because of the low molecular weight
of polystyrene brushes, the formation of an entanglement between polymer films and
polymer brushes cannot occur. Polystyrene films were excluded and dewetted on the
polystyrene brush layer. This work suggested that the stability of polymer film and
modified substrate related to the formation of an entanglement between them. The
entanglements prevented the dewetting by breaking the flow of oscillated polymer film,
as shown in Figure 2.6. Consequently, only chemical modification of the substrate
surface to match with the polymer film is not sufficient to eliminate dewetting behavior.
The entanglement between the polymer film and the modified substrate is important

also.
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Figure 2.6 Schematic model of thin films contains a chain brush at the surface [44].

Choi et al. [10], investigated the dewetting inhibition of polystyrene fiim on a
modify substrate. A cross-linked 3-amino-propyltriethoxysilane (APTES) was used to
modify the surface. They found that, if an APTES possessed a high molecular weight,
the cross-linked networks were formed and the dewetting was suppressed. For the
lower molecular weight polystyrene chains, the dewetting suppressions were various, as
shown in Figure 2.7. Curing the film at room temperature, Figure 2.7 (a), amine groups
were bound with non-reacted hydroxyl groups and then polystyrene chains cannot
penetrate into the APTES layer. Curing the film at 80 °C or 120 °C, polystyrene chains
cross-linked with the APTES molecules and amino groups were extended and
penetrated into the polystyrene matrix as shown in Figure 2.7 (b). Precuring at 200 °C,
as shown in Figure 2.7 (c), polystyrene chains diffused into the top of APTES layer
because the Si-O-Si bonds were formed during precuring step. The dewetting

suppression was only observed when curing the film at 80 °C or 120 °C (Figure 2.7 (b)).
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Figure 2.7 Schematic model of interface structures of polystyrene and APTES under

various curing and precuring condition [10].

Another chemical modification technique used to inhibit dewetting behavior is
polymer modification [8, 11-13]. The modified polymer chain has a sticky end group
which attaches to the substrate [14-16, 19, 31, 41]. The segregation of the modified
polymer to the substrate changes the interface interaction and the dewetting behavior is

suppressed.
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Dewetting behavior of end-functionalized polymer film was studied by Henn et al
[21]. Two sulfonato polystyrenes, @ —barium and «,@—barium, showed a strong
interaction with the substrate. The short monofunctional chains formed a pack of brush
layer on the surface as shown in Figure 2.8 (a). If the monofunctional chain was large
enough and the polymers were entangled, dewetting was retarded. Moreover, polymer
containing difunctional chains showed no dewetting. The film fluidity was reduced
because ionic groups in the film aggregated and formed physical cross-links, which

similar to the chain entanglement, as shown in Figure 2.8 (b).

(b)

Figure 2.8 Schematic model of (a) @ —barium sulfonato polystyrene and (b)

a,w—barium sulfonato polystyrene [21].
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Traiphol [11] has found that addition of a chloromethylstyrene (CIMS) unit only 5
mol% into polystyrene backbone increased stability of the 5 nm-thick film. Addition of
the CIMS unit enhanced dipolar and/or acid-base interfacial interactions between the
film and SiO,/Si substrate, as shown in Figure 2.9. Increasing the CIMS mole ratio also
increased the film stability. However, the film thickness affected the dewetting inhibition.
In thicker film (22 and 45 nm), 5 mol% of the CIMS unit degraded the film stability
comparing to pure polystyrene film. Because the dipolar interaction cannot affect in the
long-range distance between the CIMS units, the mobility of the thicker film was not
reduced. By increasing the concentration of the CIMS units, the distance between the

units is shorten, as shown in Figure 2.10. Then, the film stabilities were improved again.

o=-C HICI

Figure 2.9 Schematic model of surface anchoring of -CH,CI group on SiO,/Si surface

[11].

Alr

Figure 2.10 Schematic model of the distribution of -CH,CI group in 22 and 45 nm thick
film [11].
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The chemical modification technique definitely extends a strong interfacial
interaction between film and surface; however, an entanglement between both
segments is required to eliminate the dewetting behavior. Every approach has its own
advantages and disadvantages. Disadvantage of the modificaton approach is the
presence of phase separation inside the polymer film. Moreover, this technique is
complicated and leads to the changing in the film properties which might be

undesirable.

2.2.2 DEWETTING INHIBITION BY POLYMER CROSS-LINKING

Addition chemical or physical cross-linker to the polymer film increases
macromolecule network. The cross-linking of polymer produces strong interactions
between polymers, which reduces film mobility. Viscosity of polymer film increases and
then the dewetting process is inhibited corresponding to kinetic strategy. Cross-linking

can be created via irradiation [46] or addition of cross-linking agents [46-48].

Carroll et al. have investigated the effects of bifunctional photoactive cross-linker
in polystyrene film [47]. The cross-linker contains benzophenone chromophores which
can product cross-linking inside polystyrene film after irradiated with UV light. Then, the

film stability is improved, as shown in Figure 2.11.
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(a)

(b)

Figure 2.11 Optical micrographs of 25 nm films after annealing overnight at 170 °C
(a) irradiated the film containing a ratio of bis-3-benzoyl benzoic acid ethylene glycol to

polystyrene of 3:1 and (b) pure polystyrene film [47].

Influence of cross-linking density on the dewetting inhibition of polymer film has
been studied by Akhrass et al. [49]. The presence of partial cross-linking with lower
molar mass (106 kg/mol) increased the relaxation time. Therefore, the hole density was
decreased. They found that the residual stresses inside the films cannot destroy the film
which has high probability of un-cross-linking. If highly cross-linking occured in the film,
a rubbery network was then formed. An elastic force in polymer networks reduced the
driving force of holes formation. Consequently, cross-linking of lower molar mass can
improve film stability in both partial and highly cross-linking, as shown in Figure 2.12. For
higher molar mass (2500 kg/mol), the presence of partial cross-linked in the film did not
affect the relaxation time. However highly cross-linked film increased the relaxation time.
Moreover, the stability of the cross-linked film depended on the film thickness. High
degree of cross-linked could not eliminate dewetting in the 20 nm film because the

entanglement density decreased in this ultrathin film [50, 51].
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Addition of cross-linking network into the film significantly reduces the mobility of
the polymer chain. Then, the opening and growth of holes are retarded and the
wettability of the films is enhanced. This technique requires a long chain polymer, and
the films should be thick enough. In addition, the appearance of cross-linking polymer

can alter the desired properties of the polymer films.
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Figure 2.12 Effects of degree of cross-linking to the partially cross-linked film rupture. (A)

Optical micrographs show the number of holes when increasing UV exposure time in 45

nm films. (B) Density of holes per unit area (from top to bottom, UV exposure time are 1,
10, 20, 30 and 40 min). (C) Density of holes per unit area as a function of azide

conversion [49].

2.2.3 DEWETTING INHIBITION BY ADDITIVE ADDITION

Addition of nanoparticle additive is another technique to improve polymer thin film
stability. A fascinating strategy to repress dewetting behavior has been presented by

Barnes et al. [43]. Addition of small amounts of C,, fullerene nanoparticles into
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polystyrene and polybutadiene thin films significantly enhanced the films stability (Figure
2.13). By neutron reflection measurement, they have found the formation of fullerene
diffuse layer near solid surface. The fullerene layer created a roughness, which probably
contributed to the modified surface similar to the surface modification approach. The
immobilized nanoparticles not only formed an enrichment layer but also pinned the
contact line of dry region, which arrested the holes growth. Consequently, this technique
consisted of two mechanisms for controlling the wetting property. This result is contrary
to the conventional knowledge, in which the presence of impurities in polymer films
causes dewetting holes. Thus, this method of dewetting suppression is very interesting.
Many researchers have investigated the mechanisms of this phenomenon, and have
reported the uses of other nanoparticles for dewetting suppression of the polymer films

[22-31, 52].

b)

Figure 2.13 Optical micrograph of 50 nm films (a) pure polystyrene and

(b) polystyrene with fullerene (mass fraction = 0.01) [22].

Effects of diameter size of C,,-functionalized gold (10 nm) and palladium (3 nm)
nanoparticles on dewetting dynamics of polystyrene film on poly(methyl methacrylate)
substrate were investigated by Xavier et al. [28]. The segregation of particles was not

observed at any interfaces. Then, the increasing of viscosity was the only one
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mechanism occurring in this system. The dynamics of dewetting were a function of the

). When the

ratio between the polymer radius of gyration (R,) and the filler radius (R

particle diameter was smaller than Rg/4, the velocity of the filled system was slower than
that of the unfilled system because the particles were fitted in the chain segment (see in
Figure 2.14). There was no changes in the overall entropy in the system, thus, the
particles can be stable in the film. The viscosity of the films increased and then the

velocity of dewetting decreased.
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Figure 2.14 Plot between V., (V Npg) vs R (RQ/R for both 10 nm diameter of Au

particle panicles>

particles and 3 nm diameter of Pd particles in difference molecular weight polystyrene
matrices. The inset shows schematic model of filled system (a) R > 1 and (b) R << 1

[28].

Formation of nanoparticles enrichment layer is essential to inhibit the dewetting.
Films stability is drastically improved when adding nanoparticles at the suitable
concentration. The appropriate concentration corresponds to a segregated monolayer

of nanoparticles [22]. Each nanoparticles-polymer systems has a critical value of
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nanoparticles concentration. Normally, when the concentration is lower than the critical
value, dewetting is suppressed. Increasing the concentration decreases the dynamics
of dewetting. However, if the concentration is higher than the critical value, the
dewetting behavior is enhanced [31]. The mechanisms controlling wetting property in
this approach are both contact line pinning and interfacial roughness. The roughness of
nanoparticles enrichment layer affects the wetting properties by changing surface
energy. Contact line pinning can be observed when holes stop growing with increasing
annealing time. The two mechanisms results from kinetic strategy (contact line pinning)

and thermodynamic strategy (surface energy changing).

Sharma et. al. reported the unique strategy to control the dewetting rate [53]. The
dispersion of small amount of SiO, nanoparticle fillers in the PS/PMMA bilayer film was
suggested to be a major reason to control the film wettability. Even though the bilayer
sample containing SiO, fillers presented large holes prior to annealing, heating the
samples for up to 32 h produced a negligible change in the size or the number of holes.
From the topographical in Figure 2.15, they found that the rim appeared slightly irregular
and composed of particle clusters. The clusters migrated to the rim of hole where they
pinned the contact line. Further hole growth was prevented and dewetting was arrested.

AFM images clearly proved that interfacial pinning was the key to dewetting inhibition.

0 120 ym 0 120 um

Figure 2.15 AFM scan of the same hole after annealing for 24 h. The particle clusters in

the rim are now clear [53]
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Addition of polystyrene nanoparticles to thin polystyrene films inhibited and in
some cases eliminated dewetting as investigated by Krishnan et al [25]. Neutron
reflectivity measurements were used to demonstrate that polystyrene nanoparticles were
uniformly distributed in the thin film prior to annealing. After annealing, the nanoparticles
were found to separate to the solid substrate. Figure 2.16 showed the optical
micrographs of the blend films after annealing for more than 24 h under vacuum. It
showed that the dewetting was completely eliminated at around 15-20% weight fraction
of polystyrene nanoparticles. An enriched layer of nanoparticles at the substrate surface
was reported to play an important role in eliminating dewetting. When molecular weight
of nanoparticles decreases, dewetting was not eliminated, but retarded. They
concluded that the separated component along the substrate controlled the dewetting

kinetics and promoted wetting property of the film.
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Figure 2.16 Optical micrographs of blends of linear polystyrene with nanoparticle. All the
films were annealed for > 24 h in vacuum: (a) Pure PS, (b) 1%, (c) 5%, (d) 10%, (e) 15%,

and 20% nanoparticles concentration. The length of the scale bars is 100 um [25].
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Sangjan et al. [56, 57] have found that addition of poly(styrene-stat-
chloromethylstyrene) into polystyrene promoted the film stability. Dipolar interaction
between chloromethylstyrene (CIMS) group and SiO,/Si substrate led to the segregation
of copolymer while the styrene segments of copolymer interacted with polystyrene
matrix. The efficiency of dewetting suppression increased with the ratio of polar CIMS
groups, which provided higher number of anchoring sites, as shown in Figure 2.17. To
suppress dewetting behavior, higher amount of the copolymer with lower ratio of CIMS
group is required. However, addition of low ratio of CIMS group copolymer induces the

dewetting in thick film.

Si0 /8 Si0,/Si

P{S-C15) P(5-CI120) P(S-Cl48)
Figure 2.17 Schematic model of the interaction of P(S-CI5), P(S-CI20) and P(S-Cl45)

copolymers with SiO,/Si substrate [56, 57].

2.2.4 DEWETTING INHIBITION BY PHASE SEPARATION

Dewetting inhibitions by polymer or nanoparticles segregation to the surface
mentioned in the previous approach are driven by phase separation mechanism. Phase
separation generally occurs in an unfavourable mixing enthalpy which may cause
dewetting. However, phase separation sometimes can be used to directly retard
dewetting. The well-known model for investigating dewetting inhibition by phase
separation is polystyrene/poly(methyl methacrylate) system. This technique is a simple
and low cost method to retard dewetting behavior. As shown in Figure 2.18, Li et al. [54,
55] have found that the preferential segregation of poly(methyl methacrylate) (PMMA) to

substrate and forming of PMMA-rich phase layer attributed to the film stabilizing. The
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PMMA chains stretched out into the PS rich phase, which increased interfacial tension

and decreased the driving force for dewetting.
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Figure 2.18 Optical micrographs of PS/PMMA blend films with different PMMA content.
(a)-(c) 1.0 wt% with annealing time 20, 50 and 120 min. (d)-(f) 5.0 wt% with annealing
time 20, 50 and 120 min. (g)-(i) 10.0 wt% with annealing time

20 min, 48 h and 72h [54].

In this research, the stability of polystyrene thin films added by highly branched
aromatic molecules, three-arm polystyrene, and metal oxide nanoparticles are
investigated. These highly branched aromatic molecules behave as anchoring sites or
physical cross-linking points for PS chains within the entire film. The mobility of polymer

films are expected to reduce. Since the appearance of oxygen atoms and the structure
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symmetry of the two highly branched aromatic molecules are different, one may also
expected the difference in ability to wet substrate. Another additive (i.e. three-arm
polystyrene) is expected to increase an entanglement in the mixed films because of long
branch chain, which has the similar chemical structure as the polymer matrix. The chain
mobility should be reduced, leading to retardation of dewetting behavior. Additionally,
titanium dioxide and zinc dioxide nanoparticles are expected to improve stability of the
filled-film by pinning contact line effect and changing interfacial interaction between the

film and the substrate.



CHAPTER 1lI

METHODOLOGY

3.1 OPTICAL MICROSCOPY

Optical microscope (OM) is an instrument using visible light to produce a
magnified image of a sample. Objective lenses and eyepiece lenses work together and
produce the final magnification of the image (M) as followed [58];

My = My, XM, (Eq. 3.1)

final
Light from the illuminator are focused by the condenser lens onto the sample, as shown
in Figure 3.1 The sample located on optical microscope stage is examined by the
objective lenses. The objective lenses collect light diffraction of the sample and form a
magnified real image. The eyepiece lenses projects a second real image onto a retina.
Brain perceives and interprets the image as a magnified virtual image about 25 cm in
front of the eye. For photography, a camera records the intermediate image directly or
projects as a real image. Figure 3.2 shows how the image is magnified and is observed

by eye.
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Figure 3.1 The compound light microscope [58]
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Figure 3.2 Perception of a magnified virtual image of a specimen in the microscope [58]

3.2 ATOMIC FORCE MICROSCOPY

Atomic force microscope (AFM) is an instrument that analyzes and characterizes
a sample surface in microscopic level. The surface morphology is illustrated with a very
accurate resolution ranging from less than 1 ym to 100 pm. AFM operates by using an
extremely sharp tip which comes in contact or in very close to the sample and then
scans along a surface. The images are generated by measuring near-field force
between the tip and the sample. The near-field force is divided to four types. Firstly,
short-range force is interactive force in pair electrons between atoms. It is a chemical
bonding formed by sharing electron between two or more atoms. The magnitude of this

force depends on distance between atoms. Secondly, Van der Waals force is a weak
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dipolar intermolecular interaction. The magnitude of this force depends on the distance
between the tip and sample. Next, electrostatic force is the interaction between electric
charges on the tip and the sample. It is a long-range force which has a longer
interactive distance comparing with the others. The last one is capillary force. This force
refers to surface tension of water vapour. Controlling capillary force is important in AFM
technique. By decreasing capillary force, the efficiency of AFM measurement is

enhanced.

The force sensors in AFM consist of the micrometer-sized cantilever which has
an extremely sharp tip located at the end of it. This tip is a couple microns long and less
than 10 nm in diameter. The cantilever acts as a spring and has a spring constant which
controls force and distance between the tip and the surface of sample. The interaction
force can be determined by the deflection of the cantilever tip. Attractive force and
repulsive force affect the deflection. As shown in Figure 3.3, the position of reflected
beam is recorded and the deflections give information about the height of surface which

can be used to generate a topography image.

Probe Laser

4 Quadrant
Photodetector

Cantilever

Substrate

Figure 3.3 Schematic view of an atomic force microscope [59]
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As shown in Figure 3.4 and Table 3.1, there are three imaging modes in AFM
varied by the probe-sample separation; i.e. contact mode, non-contact mode and

tapping mode.

3.2.1 CONTACT MODE

In contact mode, the spring constant of cantilever is less than that of the surface,
and the cantilever bends. An image is obtained by maintaining a cantilever deflection.
Contact mode is widely used in research because it can scan a small area and has a
high speed scan. However, the cantilever tip always contact with the sample surface,

which may be destroy a soft sample.

3.2.2 TAPPING MODE

The cantilever is oscillated at its resonant frequency in tapping mode. The tip
lightly taps on the sample surface during scanning. When the tip vibrates at high
frequency under attractive forces, the tip is closed to the sample, but not touching the
surface. An image is obtained by maintain a constant oscillation amplitude. The force
between the cantilever tip and sample is very low. Therefore, this mode is used for soft

surface materials; e.g. polymers and biological materials.

3.2.3 NON-CONTACT MODE

In non-contact mode, the tip does not contact the sample surface, but it vibrates
at high frequency under attractive Van der Waals force. An image is obtained by using
a feedback loop to monitor amplitude changing. In this mode, a very low force exerts on

the sample.
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Figure 3.4 Plot of force as a function of probe-sample separation [60]

Table 3.1 Probe position, force on tip, advantages and disadvantages of each

AFM image modes

Probe Probe-suface
Modes Force on tip Advantages Disadvantages
position separation
Fast scanning, Damage or
good for rough deform soft
Contact <0.5nm Repulsive

samples and used | samples

in friction analysis

High resolution of Slow scanning
I samples and good
Tapping 0.5-2nm Tapping
for easily damaged

] samples
Very low force Lower resolution

exerted on the and need ultra-

Non-contact (— 1 0.1=10 nm Attractive sample, extended high vacuum to

- probe lifetime. get the best

image
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3.3 CONTACT ANGLE AND SURFACE TENSION MEASUREMENT

Analyzing surface energy and interfacial tension between materials are important
in scientific research. Unfortunately, thermodynamic interactions are not directly
measured. However, these interactions can be determined by studying surface property
of materials. A series of liquid droplets, which are formed on the substrate, can estimate

the surface tension by measuring the contact angle.

3.3.1 CONTACT ANGLE MEASURMENT

Contact angle can be defined by an angle at the intersection between liquid-solid
and liquid-air interfaces. Figure 3.5 shows the three-phase contact line (the interfaces of
solid, liquid and air). If the contact angle is less than 90°, the surface wetting is
favourable and liquid will spread over the surface. When the contact angle is greater
than 90°, the surface wetting is unfavourable, thus liquid will reduce its contact with the

surface and form a droplet.

8 < 90° 6 = 90° 0 > 90°

Yiv
- M | O/
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Figure 3.5 lllustration of contact angles on a smooth surface [61]

The most widely used technique to measure the contact angle is a direct
estimation of tangent angle of a liquid droplet at the three-phase contact point.
Telescope-goniometer is used to evaluate the contact angle of a liquid drop resting on

the solid surface. The equipment consists of a stage to mount a substrate sample, a
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micropipette to form a liquid droplet, an illumination source and a telescope with a
protractor scalet. The tangent of the sessile drop profile is simply aligned at the contact
point with the surface. The contact angle can be read by the protractor through the
eyepiece. The contact angle is calculated by diameter and height of the droplet, which

is assumed to be part of a sphere, as shown in Eq. 3.2 and Figure 3.6 [61].
0 _
5= tan IL—J (Eq. 3.2)

The advantages of this method are its simplicity and only a small amount of liquid

is required. This method yields accurate results with an extremely small droplet.

Figure 3.6 Demonstration according to Eq. 3.2 [61]

3.3.2 CALCULATION OF SURFACE TENSION

In pure liquid, molecules in a bulk are forced equally in every direction by
neighboring molecules. A net force of each molecule is zero. However, some molecules
which are located at the surface do not have neighboring molecules to balance a net
force. Then, these molecules are pulled inward and created an internal force, as shown

in Figure 3.7. The intermolecular force that contract the surface is called surface tension.
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Figure 3.7 The unbalanced force of liquid molecules at surface causes the surface

tension

Fowkes’ method and, later, Owens and Wendt's method (or geometric-mean
method) were used to calculate the surface tension by dividing the surface tension in
two components; dispersive component and polar component [62, 63]. Fowkes

proposed the dispersion component of the work of cohesion as

Wad :2V7gv7/ﬁv (Eq. 3.3)

where y,, is the liquid surface tension and g, is the solid surface tension. The
interfacial tension between liquid and solid substrate interacting by London dispersion

forces alone can be given as

VsL =Vsv T 7wy _2\/7gv7|(_jv (Eq. 3.4)

By combining Fowkes’ equation with Young’s equation (Eq. 3.2), The Young-Fowkes

equation is obtained as expressed in
7.y €080 =—y,, +W2° (Eq. 3.5)

A new surface free energy expression proposed by Owen and Wendt can be

represented by

W, :2(\/7gv73v +\/7spv7va ) (Eq. 3.6)
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When combined with Young-Fowkes equation, one obtained

Vv (l"'cos‘g):z(\/?/gv?/fv +\/7§v7|?v ) (Eq. 3.7)

Therefore, the total free surface energy is sum of the two components as shown in

Vsv :7svd +7/svp (Eq. 3.8)

Owens and Wendt selected only two liquids (polar and non-polar liquids to form
droplets on the surface and measured the contact angle. The recommended liquids
were methylene iodine (or diiodomethane) and water, which represent a non-polar and a
polar component, respectively. In our study, surface energy of the substrate can be
calculated by using Eqg. 3.7. Contact angle (&) of diiodomethane and water are
measured. The liquid tension values of water (¥, aer = 72.7 md/m”, 7o =218 md/m’,
yh = 50.9 mJ/m* ) and diiodomethane( ¥giowometane = ¥ Siodometane = 50-0 mJ/m’,

P ometrane = 0 MJ/M” ) were used in this study [62].

3.4 MEASUREMENT OF FILM THICKNESS BY ELLIPSOMETRY

Ellipsometry is a measurement technique to obtain optical properties of a sample
material by using the reflected light. Knowledge of the linearly polarized light is utilized.
At an oblique sample, the linearly light incidences to a surface and changes polarization
state when it reflect. Then, the incident light is polarized. Ellipsometry can be used to
characterize composition, roughness and other properties of sample. Ellipsometry is
also used to measure the thickness of thin film, which is located on top of a substrate. A
schemetic of ellipsometry in Figure 3.8 shows that the incident light is partially reflected

and partially transmitted the surface.
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Figure 3.8 lllustration of an ambient-film-substrate optical system.

The Incident light is partially reflected and partially transmitted [64].

Ellipsometry measures the change of polarization upon reflection or transmission
and compares it with a model. By analyzing the reflected light, we can obtain the
information of materials. If we know the refractive indexes of film and substrate, the

thickness of the film can be calculated by using the Fresnel formula [65].

2

9y

n.d, (Eq. 3.9)

A is the wavelength, Ny is the reflective index of film and d; is the thickness of thin

film. Ais the phase thickness of the film and is given by

o I, +1, exp(-2if)
1+ 1,1, exp(-2i5)

(Eq. 3.10)

where I; is the amplitude reflectance at the I th interface. This technique widely used to

investigate a thin film thickness (less than a nanometer to several micrometers).
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3.5 PARTICLE SIZE DISTRIBUTION BY LIGHT SCATTERING

Measurement of particle size distribution in a solution is based on the principle of
the intensity of light scattered. There are two types of the light scattering techniques;

static light scattering and dynamic light scattering.

3.5.1 STATIC LIGHT SCATTERING

Static light scattering (SLS) is the technique that extracts particle size information
from intensity of the scattering pattern at various angles [66]. When a group of particle is
irradiated with a laser beam, the scattered pattern is generated spatially, as shown in
Figure 3.9. The intensity of scattered light at different angles depends on the particle
size. If a particle is large comparing with the wavelength of light, the light can scatter
from different parts of particle and can lead to destructive interference. The destructive
interference reduces the intensity of the scattered light. Therefore, the large particle
scattering diagram shows that the back scattering intensity is much less than the

forward scattering intensity.

) Diffracted f Scattered Image
Particle Group

o Condenszing Lens

Laser Light Source

Backward Scattered

Light Sengor Detecting Plane

Side Scattered Light Sensor

Figure 3.9 Optical system of a static light scattering [67]
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3.5.2 DYNAMIC LIGHT SCATTERING (DLS)

Dynamic light scattering (DLS) is the technique that measures Brownian motion
which relates to the size of the particles. This measurement is concerned with time
fluctuations in intensity due to the motions of particles. The laser light illuminates the
sample in the cell, as shown in Figure 3.10. Detectors collect the scattered light signal.
The random changes of the light scattering intensity, which are due to the random

position of the particles, can be used to determine particle size in a suspension.

From Laser

Most light pass es
through unscattenaed

Average
infensity

Figure 3.10 Dynamic light scattering (DLS) layout [68]

Brownian motion is the movement of particles caused by the random collision
between liquid molecules surrounding the particles. The particle size can be defined by

the Stokes-Einstein equation.

KgT

D, =
37enD,

(Eq. 3.11)

Where: D, is the particle size, Ky is the Boltzmann’s constant, T is the temperature, 1
is the dynamic viscosity and D, is the translational diffusion coefficient. From the
equation. The relationship between particles size and particle viscosity is obtained. The
important of Brownian motion for dynamic light scattering is that smaller particles move

faster than larger particles.
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3.5.3 ZETA POTENTIAL MEASUREMENT

Zeta potential relates to charge at particle surface in a specific liquid medium. The
zeta potential value of surface is generally use for understanding and predicting an
interaction between particles in solution. The charge affects an ionic environment in the
region nearby the surface of particle. This ionic environment is described by using a
double layer model. The stern layer of ions strongly attached close to the particle
surface and the diffuse layer of ions is further away from the particle surface. However,
the diffuse layer still attracts to the particle, thus the ions move with the particle. The
slipping plane, as shown in Figure 3.11, is the boundary between the electric double

layer and the ions in the solution. The zeta potential is the charge measured at the

slipping plane.
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Figure 3.11 Double layer model and zeta potential measured at the slipping plane [69]
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To measure the zeta potential, using electrophoresis technique, two electrodes
are inserted into a cell containing a small quantity of solution. When the electric field is
applied, the particles move to either anode or cathode depending on their surface
charge. The direction of the particle motion indicates whether the surface is positively or
negatively charged. Moreover, the speed of the particle motion can be used to calculate

the magnitude of the charge.

Figure 3.12 shows the optical setup for measuring zeta potential utilizing light
scattering technique. The laser light illuminates the particles and, therefore, the particles
scatter the light. The scattering beam is mixed with a second beam in order to extract
the frequency shift in the scattering light. The magnitude of the frequency shift is used to

determine the particle velocity.
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Figure 3.12 Optical diagram for zeta potential [69]

3.6 TRANSMISSION ELECTRON MICROSCOPY

Transmission electron microscopy (TEM) is a technique using electron beam
transmits and interacts with an ultra-thin specimen. TEM operates much like an optical
microscope, but it uses electrons instead of visible light [70]. This instrument generates
material microstructure images with high magnification and high resolution. The
important components of transmission electron microscope are electron source,
condenser lenses, objective lenses, projector lenses and specimen stage, similar to

optical microscope, as shown in Figure 3.13. Since electrons are used instead of light,
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this microscope needs additional features such as vacuum environment which is used

to prevent the collision between high energy electrons and air molecules.

Electron
Source

Electron

} Condenser
Lenses
Beam

Sample

Objective Lens

Lenses

Viewing
Screen

Figure 3.13 The layout of Transmission Electron Microscope [59]

In TEM system, electron beam with high energy is generated by an electron gun.
Since an image resolution is determined by electron energy, the resolution of an image
depends on the acceleration voltage. Electron gun is composed of the three main part,
cathode, anode and Wehnelt electrode. Electrons are emitted from cathode and
accelerated by an electric field to anode. Wehnelt electrode, which is placed between
cathode and anode, is biased a few hundred volts negative in order to stabilize the
electron beam. Glass lenses are not suitable for using in TEM because glass does not
focus the electron beam. Magnetic force is used in this case because a magnetic field

affect electron charge and then electron beam can be focused. Subsequently, all lenses
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in transmission electron microscope are electromagnetic. A thin foil must be used as a
specimen of TEM because it allows electron transmission. The thin specimen is mounted
in a specimen holder while operating the instrument. Electrons which are collimated
from the lenses pass through the sample. The resulting patterns of electron transmission

and absorption are magnified on a viewing screen.



CHAPTER IV

EXPERIMENTAL PROCEDURE

4.1 MATERIALS

4.1.1 POLYSTYRENE MATRIX

Polystyrenes (PS) with narrow size distribution listed in Table 4.1 were used as
polymer matrix in our study. Chemical structure of PS is shown in Figure 4.1. All PS were

purchased from Polymer Source Inc. (Canada).

Table 4.1 Polystyrenes with various molecular weights were used as matrix.

Polystyrene M, (g/mol) M. (g/mol) M/M,
PS11K 11,900 11,500 1.04
PS33K 34,300 33,000 1.04
PS52K 55,500 52,000 1.07

Figure 4.1 Chemical structure of PS
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4.1.2 POLYMER ADDITIVES
4.1.2.1 HIGHLY BRANCHED AROMATIC MOLECULES

Two structures of highly branched aromatic molecules (HBA) used in this study,
HBA1 and HBA2 were synthesized by Promarak V. [71]. The chemical structures of
HBAs are shown in Figure 4.2. The concentrations of HBAs additives in PS matrix were

0,0.5,1, 2 and 5 wt.%.
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Figure 4.2 Chemical structures of highly branched aromatic molecules

(a) HBA1 and (b) HBA2
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4.1.2.2 THREE-ARM POLYSTYRENE ADDITIVES

Two different chain lengths of three-arm polystyrene (TA-PS) used in this study are
TA-PS19 (M, of branch = 18,900 g/mol, M /M = 1.09) and TA-PS110 (M, of branch =
109,800 g/mol, M, /M = 1.09) (Polymer Source Inc. (Canada)). The concentrations of TA-
PS additives in PS matrix were varied from 0 — 100 wt.%. The chemical structure of TA-

PS is shown in Figure 4.3.
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Figure 4.3 Chemical Structure of TA-PS
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4.1.3 NANOPARTICLE ADDITIVES

Titanium dioxide (TiO,) and zinc oxide (ZnO) with diameter sizes < 25 and < 20
nm, respectively, were used in this experiment. The nanopaticles were purchased from
Sigma-aldrich. TEM (JEM-2100, JEOL Ltd., Japan) micrographs of TiO, nanoparticles
and ZnO nanoparticles are shown in Figure 4.4 and Figure 4.5. Suspensions of both
nanoparticles in toluene were prepared by using ethanol as a dispersant. Nanoparticles

suspensions were mixed with PS at the concentrations of 0.05, 0.10 and 0.20 wt.%.

Figure 4.5 TEM micrograph of ZnO nanoparticles
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TiO, and ZnO nanoparticles possess the difference in surface properties. This
could affect their ability to suppress dewetting and cause variation in improvement of
polymer film stability. Surface properties of TiO, and ZnO nanoparticles are studied
using electrophoresis (Brookhaven, ZetaPals). Suspensions of TiO, and ZnO
nanoparticles in deionized water are prepared at various pHs. Zeta potential of TiO, and
ZnO nanoparticles are measured. The plot between zeta potential and pH of suspension

is shown in Figure 4.6.
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Figure 4.6 Zeta potential versus pH of ZnO and TiO, nanoparticles dispersed in water

(® ZnO and W TiO,).
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4.2 THIN FILM PREPARATION

Cleaned silicon wafers (SiO,/Si) were used as substrates in our experiments.
Silicon substrates were soaked in a 7:3 v/v solution of conc. H,SO, and 30% H,O, at
about 80 °C for 1 h. The substrates were rinsed with deionized water for several times
and were dried by pressurized nitrogen gas. Freshly cleaned substrates were used for
coating of polymer thin films. Since all substrates were cleaned by using the same

conditions, compositions on the substrate surface were expected to be the same.

Thin films on SiO,/Si were prepared by spin casting from 0.1 — 5.0 wt.% solutions
in toluene (yielding thicknesses of about 7 - 265 nm, respectively, as shown in Table
4.2). Three samples were prepared for each condition. The spinning rate was kept
constant at 1000 rom for 10 s. The film thickness was measured by ellipsometry
(Gaertner Scientific Corporation) and atomic force microscopy (AFM, SPI3800N
Nanoscope I, Seiko Instrument Inc., Japan). For AFM technique, needles (Hypodermic
needle regular wall, NIPRO) with diameter of 0.4 mm and length of 25 nm were
immersed in toluene and used to make a scratch on the polymer thin film. The surface
analysis software was used to measure film thickness by scanning a scratch in straight

line. The differential in vertical axis was determined as film thickness.

Table 4.2 Film Thickness of each concentration

Concentration of PS in toluene (wt.%) Thickness (nm)
0.1 ~7
0.3 ~ 23
0.5 ~ 30
2.0 ~ 100
5.0 ~ 265




4.3 THIN FILM CHARERIZATION

4.3.1 SURFACE ENERGY
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In this study, surface energies of PS, HBAs, TA-PS and SiO,/Si were measured

following the Owens-Wendt-Kaelble approach by using (Eq. 3.7), and shown in Table

4.3. Contact angles (@) of diiodomethane and water were measured on each surface by

using goniometer (CAM-PLUS Tantec, U.S. Pantent, USA). The amount of solvents in

the droplets was controlled to be the same by using a syringe. Averaged values of

contact angles obtained from at least 5 measurements were used in the calculation of

surface energies. The surface energies of PS and SiOx/Si were consistent with the

literature values [9].

Table 4.3 Contact angles of water and diiodomethane on different surfaces and their

solid surface tension components calculated by using simultaneous equation of the

Owens-Wendt-Kaelble approach

Type of surfaces | G, | Ouiogometane | 7o (MI/M?) | y(MI/m*) |y (mI/m?)
Silicon 46+1 39+1 39.6x0.6 20.6x0.3 60.2+0.9
Polystyrene 94+2 212 46.8+0.5 0.1+0.1 46.9+0.6
HBA1 91+6 20+4 43.8+1.8 0.7+1.0 44.5+2.8
HBA2 93+4 29+4 43.9+1.6 0.9+0.9 44.8+2.5
TA-PS19 92+2 232 46.0+0.7 0.2+0.1 46.2+0.8
TA-PS110 912 24+2 45.7+0.6 0.3£0.2 46.0+0.8
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4.3.2 SURFACE TOPOGRAPHY

AFM and optical microscopy (OM, OLYMPUS PX 60M equipped with digital
camera OLYMPUS model DP12) were used to study the surface topography of polymer
film. AFM operating in a dynamic contact mode provided three dimensional images of
sample which represented the topography of the sample. Spring constant of the Si;N,
cantilever was about 20 N/m. The AFM measurements were performed under ambient
conditions. Scan sizes were varied from about 5 x 5 to 25 x 25 pmz. Moreover, surface
topography was examined by OM. With lower magnification of OM, the technique could
investigate the surface by the larger area. Optical micrographs were recorded under

reflectance mode with the magnification of 50X - 1000X.

The dewetting behaviors of polymer thin films were induced by annealing the
samples in a vacuum oven for different periods of time at 115 - 190 °C depending on
their thickness. These annealing temperatures were above the glass transition
temperature (Tg) of the PS film [11]. The annealed films were quenched to room
temperature. Global structure of the films at different annealing time was investigated
using OM. The evolution of local structure upon the annealing was followed by AFM.
Hole diameter and hole depth were determined, then dewetting area and roughness
were analyzed by using AFM software. The dewetting areas were measured by using

commercial graphical analysis software, Adobe Photoshop program. The percentage of

dewetting area was calculated by using the following equation;

dewetting area (%) = (dewetting area + total area) x 100 (Eqg. 4.1)



4.4 EXPERIMENTAL DIAGRAM

| TiO,/ZnO suspension |
HBA/PS solution | | TA-PS/PS solution | | Nanoparticles/PS solution ]
- Spin casting ‘ Spin casting ‘ Spin casting
HBA/PS film TA-PS/PS film Nanoparticles/PS film
Thickness 7 and 23 nm Thickness 7 and 23 nm Thickness 30, 100 and 265 nm

’ Annealing ‘ Annealing ‘ Annealing

Study topography, dewetting area, dewetting rate and roughness using AFM
(scan ranges 5 pum x 5 um to 20 pm x 20 pm )
Study topography, dewetting area and dewetting rate using OM
(magnification 50, 100, 200, 500 and 1000)

-

| Contact angle measurement ]

.

| Discussion and Conclusions I




CHAPTER V

RESULTS AND DISCUSSIONS

5.1 HIGHLY BRANCHED AROMATIC MOLECULES

In this section, we introduce a new class of highly branched aromatic molecules
(HBAs) as dewetting inhibitors of PS ultrathin films. Chemical structures of these HBAs
shown in Figure 1.1 are rather different from the dendrimers and HBPs used in the
previous studies [25, 72]. They constitute of high number of aromatic cores with alkoxy
or alkyl chains attached to the center. Although the nitrogen and oxygen heteroatoms
are present in the HBAs, their surface energies are comparable to that of PS films (see
Table 4.3) The aromatic groups and alkyl chains are expected to provide favourable
interactions with phenyl group and aliphatic chain of PS, respectively. Therefore, these
HBAs behave as anchoring sites or physical cross-linking points for PS chains within the
entire film. The effects of film thickness, PS molecular weight, and HBA structure are

investigated in details.

Samples of PS and HBAs are prepared by spin-casting from 1 wt.% solutions,
which provides relatively thick films. All films are left in vacuum oven at room
temperature for several hours to allow complete evaporation of toluene solvent. Droplets
of water or diiodomethane are deposited on top of each film. Averaged contact angles
of these solvents on all films are used to calculate surface energies according to
Owens-Wendt-Kaelble approach [73]. The obtained results are shown in Table 4.3. The
HBA1 and HBAZ2 exhibit surface energies comparable to that of the PS. The slight
increase of polar component is within error bars of the measurements. Therefore, the
HBAs are expected to distribute randomly within the entire PS films as illustrated in
Figure 1.1. Since the molecules of HBAs constitute aromatic and alkyl moieties, we

believe that the 7 —x& and dispersive interactions contribute to intermolecular forces
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between these molecules and PS chains. However it is not trivial to prove the existence
of these interactions. Chemical structures at center position of HBA1 and HBA2 are also
different. This may cause the variation of dewetting behaviors from the two systems. We
note that the concentration of HBAs is limited at 5 wt.% to avoid the effect of phase
separation. The absence of phase separation within all PS films is, in fact, confirmed by

AFM measurements.

5.1.1 EFFECT OF HBA1 IN PS11K FILMS

In the first section, we demonstrate the improvement of PS film stability upon
addition of HBA1 into the system. PS11K films with thicknesses of about 7 and 23 nm
are used while the concentration of HBA1 ranges from 0O to 5 wt.%. AFM measurements
of all non-annealed films reveal smooth surface with no holes. OM images also show
homogeneous films. To minimize experimental errors, all films are annealed at the same
time in vacuum oven. The annealing temperature is 120 °C, which is above the glass
transition temperature (Tg) of PS11K [11]. The glass transition of HBA1 occurs at 121 °C
[71]. Therefore, this annealing condition allows segmental movement of PS chains. The
segmental movement of HBA1 may also occur at this condition because the molecules
are diluted in the PS matrix. Figure 5.1 shows morphological change of the 7 nm thick
films upon increasing the annealing time. The annealing of pure PS11K film for 60 min
leads to the formation of large holes and polymer droplets. Total film breakup occurs
when the annealing time reaches 90 min. At final stage of the dewetting, the polymeric
film transforms into hemispherical droplets, which randomly distribute the SiO,/Si

substrate.
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HBA1 concentration (wt.%)
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Figure 5.1 Optical micrographs of 7 nm thick PS11K films containing different
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concentrations of HBA1 annealed at 120 °C for 60, 150, 360, and 720 min. Size of each

image is 60 ym x 60 pm.

Dewetting rate of the 7 nm thick PS11K film is suppressed significantly when a
small amount of HBA1 is added into the system. The annealing of PS11K film containing
only 0.5 wt.% of HBA1 for 150 min still does not cause total dewetting. The formation of
some holes is observed, corresponding to an intermediate stage of the dewetting. At
this condition, dewetting area of the film is about 50% (see Figure 5.2 (a)). The increase
of HBA1 concentration to 1 wt.% causes the drop of dewetting area to about 20%. We
do not detect any holes in the PS11K films containing 2 and 5 wt.% of the HBA1. The
growth of some holes is observed in these films when the annealing time is increased to
360 and 720 min. These results indicate that thermal stability of the 7 nm thick PS11K
film systematically increases upon addition of HBA1 into the system. The plots between
dewetting area versus annealing time in Figure 5.2 (a) clearly demonstrates our major

finding. Slopes of the plots reflect dewetting rates of each system. It is obvious that the
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PS11K film containing 5 wt.% of HBA1 is much more stable than pure PS11K film. The
annealing of this film for 12 h causes about 40 % of dewettting area while total dewetting
of pure PS11K film occurs at 1.5 h. Figure 5.2 (b) shows systematic decrease of
dewettting area upon increasing HBA1 concentration, indicating that the HBA1 is an
efficient dewetting inhibitor. We note that the dewetting mechanism of PS films is not
affected by the existence of HBA1 molecules. In general, the dewetting process can
take place via spinodal and heterogeneous nucleation mechanisms, arising from
interfacial thermal fluctuation or the heterogeneity of substrate surface energy,
respectively [74-76]. The spinodal one leads to the formation of correlated holes while
the heterogeneous nucleation yields random hole distribution. Since the position of holes
detected in all systems is random (see Figure 5.1), dewetting process of the PS films
takes place via a heterogeneous nucleation mechanism. The observation of fingering
pattern in the film containing 5 wt.% HBA1 arises from the increase of film viscosity.
Similar result was observed by Reiter [3] where the fingering pattern was detected upon

increasing molecular weight of PS (i.e. increase of film viscosity).
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Figure 5.2 (a) Dewetting area versus annealing time of 7 nm thick PS11K films annealed
at 120 °C. Concentrations of HBA1 are (®) 0 wt.%, (4) 0.5 wt.%, (H) 1.0 wt.%, (A) 2.0

wt.%, and (O) 5.0 wt.%. (b) Dewetting area of PS/HBA1 films versus ratio of HBA1.
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The evolution of film morphologies in local scale is followed by AFM as shown in
Figure 5.3. The formation of small holes is detected in all films at 30 min of the
annealing, which corresponds to an early stage of the dewetting. Depth and diameter of
these holes systematically decrease upon increasing the HBA1 concentration. The
increase of annealing time leads to the expansion of holes, which eventually merge into
each other to form polygonal structure. In final stage of dewetting, the polygons
disintegrate into hemispherical droplets. At equilibrium state, the contact angles of these
polymeric droplets on solid substrate vary with interfacial tension [73]. Table 5.1 clearly
shows that hole expansion systematically decreases upon increasing HBA1
concentration. At 150 min of the annealing, different dewetting stages are observed
depending on HBA1 concentration within the film. Interestingly, we observe the
formation of many circular hills in the films containing 2 and 5 wt.% of HBA1. These
circular hills are observable by OM as well. This cannot be attributed to phase
separation of HBA1 because of its relatively low concentration. We suggest that HBA1
molecules behave as anchoring sites or physical cross-linking points for PS chains
within the film. At this condition, the HBA1 molecules pull PS chains into each other,
resulting in the formation of circular hills. Some holes are still observed within the films.
An increase of annealing time to 720 min transforms the film into polymeric droplets. To
reach equilibrium state of the droplets, the annealing time is further increased to 24 h.
Contact angles of each droplet are measured by utilizing line profile analysis of AFM
images. We do not detect any significant variation of the contact angles measured from
each system. This result indicates that the interfacial interaction is hardly affected by the
addition of HBA1. The increase of viscosity, arising from physical cross-linking between
PS chains and HBA1 molecules, is believed to be major reason for the improvement of
film stability. Our hypothesis is similar to the sulfonated polystyrene system where the
existence of physical cross-linking results in the increase of bulk viscosity and hence the
improvement of film stability [13]. Unfortunately, we cannot measure bulk viscosity of our
system because it requires relatively large amount of HBA1. To obtain sufficient amount

for the experiment, one needs several synthetic batches of the HBA1 [71].
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Figure 5.3 AFM topography images of 7 nm thick PS11K films containing different

concentration of HBA1 annealed at 120 °C for 30, 150 and 720 min. Size of the images

is10 um x 10 pm.

Table 5.1 Hole depth and hole width of 7 nm-PS11K films containing different

concentration of HBA1 annealed at 120 °C for 30 min

HBA1 conc. 0 wt.% 0.5 wt.% 1.0 wt.% 2.0 wt.% 5.0 wt.%
Hole depth (nm) 292+0.27 1.81+£0.20 1.79+£0.09 1.40£0.13 1.20+0.10
Hole width (nm) 904.5 £ 132.7 286.8 £ 26.1 239.9+428 200.6 £59.2 |179.6 £ 10.0

5.1.2 EFFECT OF FILM THICKNESS

In the previous studies of our research group, it was observed that the presence

of some foreign moieties or molecules in system led to either the increase or decrease of

film stability, depending on thickness [11, 57]. For example, the stability of 5 nm thick

film increases significantly when 5 mol% of chloromethylstyrene groups is chemically

incorporated into PS chain [11]. The increase of fiim thickness to 22 nm, however,

causes an opposite result. This mainly arises from surface anchoring effect of the
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foreign group, which diminishes upon increasing the film thickness. In the relatively thick
film, the incompatibility between different moieties drives the dewetting process. Here,
we investigate the efficiency of HBA1 as a dewetting inhibitor upon increasing PS11K
film thickness to 23 nm. The nucleation process of holes in the 23 nm thick film is quite
different from that of the 7 nm thick film. AFM measurement reveals that a number of
holes detected in an early stage of the dewetting are much lesser in the thicker film. This
discrepancy is attributed to an interfacial effect, which becomes more pronounced upon
decreasing film thickness. In the 7 nm thick film, slight difference of surface energies on
solid substrate may lead to the nucleation of holes while it requires higher magnitude of

the perturbation in the thicker film.

Figure 5.4 shows OM images of the 23 nm thick films containing different
concentrations of HBA1. Dewetting rates of these films are much slower than those of
the 7 nm thick films. Total dewetting of pure PS11K film occurs at 12 h of the annealing
at 120 °C. Similar to the system of 7 nm thick film, the addition of HBA1 results in
systematic increase of the film stability. It is clearly observed from OM images recorded
at 6 h of the annealing where the dimension and number of holes changes with HBA1
concentration. Our results are further illustrated by plotting the dewetting area as a
function of annealing time as shown in Figure 5.5. Slopes of the plots systematically
decrease upon increasing the HBA1 concentration. An increase of annealing time to 24
h still does not cause total dewetting of the film containing 5 wt.% of HBA1. These
results show that the HBA1 can also be used as a dewetting inhibitor for the 23 nm thick
film. This further supports our earlier hypothesis that the improvement of PS film stability
arises from the increase of physical cross-linking within the system. This effect persists
upon increasing the film thickness. The change of interfacial interaction due to the
presence of HBA1 is expected to play lesser role. It is worthwhile to note that the
formation of circular hills is also detected in the films containing 5 wt.% of HBA1.

However, their number density is much smaller compared to the 7 nm thick film.
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Figure 5.4 Optical micrographs of 23 nm thick PS11K films containing different
concentrations of HBA1 annealed at 120 °C for 2, 6, 12 and 24 h. Size of each image is

100 pm x 100 pm.
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Figure 5.5 Dewetting area versus annealing time of 23 nm thick PS11K films annealed at
120 °C. Concentrations of HBA1 are (®) 0 wt.%, (4) 0.5 wt.%, () 1.0 wt.%, (A) 2.0
wt.% and (O) 5.0 wt.%.
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5.1.3 EFFECT OF PS MOLECULAR WEIGHT

It is known that the entanglement of PS chains occurs when their molecular
weights are increased above 18K [77, 78]. Therefore, the PS11K chains, investigated in
the previous sections, behave as a simple liquid in the melt state. This allows us to
observe significant improvement of film stability upon the addition of HBA1 into the
system. An increase of PS molecular weight above 18K leads to chain entanglement,
which in turn causes an increase of its viscosity [77, 78]. The increase of film stability
upon increasing molecular weight is similar to the influence of HBA1 additive. In this
section, the effectiveness of HBA1 as a dewetting inhibitor is compared to the increase
of PS chain entanglement. Thin films of PS33K with thickness of 7 nm and 23 nm are
prepared in a similar fashion. The concentration of HBA1 within the films is varied from 0
to 5 wt.%. The efficiency of HBA1 as a dewetting inhibitor for these films is also

investigated.

Morphological changes revealed by AFM of the 7 nm thick films upon increasing
the annealing time are shown in Figure 5.6. Dewetting mechanism of the PS33K films is
similar to that of the PS11K films [11]. Hole sizes decrease upon increasing HBA1
concentration, as shown in Table 5.2. The dewetting rate, however, is much slower. This
is illustrated in the plots of dewetting area versus annealing time in Figure 5.7. The
annealing of pure PS33K film at 120 °C for 2 h causes about 30% of the dewetting. At
this condition, total dewetting already occurs in the system of pure PS11K film (see
Figure 5.1 and Figure 5.2 (a)). To reach total dewetting state of pure PS33K film, it
requires about 9 h of the annealing. The addition of 0.5 and 1 wt.% HBA1 into PS11K
films causes the increase of film stability. However, their dewetting rates are still faster
than that of pure PS33K film. When the concentration of HBA1 is increased to 2 wt.% the
dewetting rate of PS11K film is comparable to that of the pure PS33K film. At this
condition, the influence of HBA1 is comparable to the increase of chain entanglement

upon increasing molecular weight from 11K to 33K.
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Figure 5.6 AFM topography images of 7 nm thick PS33K films containing different

concentration of HBA1 annealed at 120 °C for 540, 720 and 2160 min. Size of each

image is 10 ym x 10 pm.

Table 5.2 Hole depth and hole width of 7 nm-PS33K films containing different

concentration of HBA1 annealed at 120 °C for 120 min

HBA1 conc. 0 wt.% 0.5 wt.% 1.0 wt.% 2.0 wt.% 5.0 wt.%
Hole depth (nm) 3.69+0.18 3.64 +0.10 2.82 +£0.38 2.47 +0.63 1.16 £0.25
Hole width (nm) 964.8 +91.9 7411 +98.1 630.5+97.6 396.7 £ 35.8 311.3+17.1

Similar to PS11K system, the addition of HBA1 into PS33K films results in the

improvement of film stability. The dewetting rates systematically decrease upon

increasing HBA1 concentration. The investigation of 23 nm films shows consistent

results. In this system, the annealing temperature at 120 °C causes rather slow

dewetting rate. To accelerate the process, the annealing temperature is increased to

165 °C. It is worthwhile to note that the improvement of film stability is more obvious in

the system of PS11K films. The separation of lines in the plots between dewetting area

and annealing time (see Figure 5.2 (a) and Figure 5.7 (a)) reflects the change of

dewetting rate upon addition of the HBA1 into PS films. It is clear that the magnitude of

stability improvement is higher in the PS11K films. This is attributed to the increase of

chain entanglement within PS33K system, which obscures the influence of HBA1 as a
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dewetting inhibitor. Therefore, the HBA1 is a more effective dewetting inhibitor when the
molecular weight of PS is decreased. We also note that sizes of the PS33K droplets are
smaller than those of the PS11K (see Figure 5.3 and Figure 5.6). This is attributed to the

increase of film viscosity, which in turn retards the coalescence of small droplets in the

PS33K system [3].
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Figure 5.7 (a) Dewetting area versus annealing time of 7 nm thick PS33K films annealed
at 120 °C. (b) Dewetting area versus annealing time of 23 nm thick PS33K films
annealed at 165 °C. Concentrations of HBA1 are (®) 0 wt.%, () 0.5 wt.%, (H) 1.0 wt.%,

(A) 2.0 wt.% and (O) 5.0 wt.%.
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5.1.4 EFFECT OF HBA STRUCTURE

In this section, the effects of HBA molecular structure are investigated. The
structure of HBA2 shown in Figure 1.1 constitutes of different type of aromatic core. The
Tg of HBA2 is about 185 °C [71], which is much higher than those of HBA1 and PS.
These discrepancies may affect the strength of intermolecular interactions and
segmental dynamics within the system leading to the variation of dewetting behaviour.
PS11K films with thickness of 23 nm are prepared by using HBA1 and HBA2 as
dewetting inhibitors. The concentrations of both HBA1 and HBAZ2 are controlled to be
the same. All films are annealed simultaneously at 120 °C. OM images show that the
dewetting mechanisms of both systems are similar. The dewetting areas measured as a
function of annealing time are plotted in Figure 5.8. Similar to the system of HBA1, the
addition of HBAZ2 into PS11K films results in systematic improvement of film stability. The
dewetting rate of the PS11K film containing 5 wt.% of HBAZ2 significant decreases
compared to that of pure PS11K film. The annealing of this film for 48 h stilll does not
induce total dewetting. The effects of HBA1 and HBAZ2 on dewetting dynamics of PS11K
films are comparable. Therefore, the slight difference of their molecular structures does
not affect the intermolecular interactions with PS matrix. This result further confirms that
this new class of highly branched aromatic molecules can be utilized as dewetting
inhibitors of PS film. We also perform similar annealing experiments at 140 °C and 190
°C, which are above T, of HBA1 and HBAZ2, respectively. The PS11K films containing 5
wt.% of HBA1 and HBAZ2 are used. These annealing temperatures are expected to
induce different segmental dynamics of the HBA1 and HBA2 molecules due to the
difference of their T . However, the results in Figure 5.9 show that dewetting rates of the
two systems are still comparable at those annealing temperatures. We suggest that the
systems of HBA1 and HBAZ2 in PS11K matrix behave as a dilute solution. The PS11K in
melt state behaves as a simple liquid. Therefore, segmental dynamics of the HBA1 and
HBAZ2 are expected to increase significantly when the PS11K films are annealed above

its T, about 93 °C [11].
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Figure 5.8 Dewetting area versus annealing time of 23 nm thick PS11K films containing
(a) HBA1 and (b) HBA2 annealed at 120 °C. Concentrations of HBA1 and HBA2 are (®)

0 Wt.%, (#) 0.5 wt.%, (H) 1.0 wt.%, (A ) 2.0 wt.% and (O) 5.0 wt.%.
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Figure 5.9 Dewetting area versus annealing time of 23 nm thick (®) pure PS11K films
and the PS11K films containing 5 wt.% of ( A) HBA1 and (l) HBA2 annealed at
(a) 140 °C and (b) 190 °C.
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5.2 THREE-ARM POLYSTYRENE

From literature, the presence of cross-linking produces a strong interaction inside
the polymeric film [7, 46-48, 79]. Addition of chemical or physical cross-linker to the
polymer film increases macromolecule network, which reduces the film mobility.
Therefore, the film viscosity is enhanced and the dewetting process is inhibited.
Chemical cross-linking can be generated by irradiation or addition of cross-linking agent
[47, 79]. However, addition of physical cross-linking additive to improve the film stability
has not been studied yet. In this section, we focus on the effects of three-arm
polystyrene (TA-PS) on the stability of PS thin films. The chemical structure of TA-PS
additive is shown in Figure 1.2. Since of the TA-PS branches and surface energy are
similar to the PS matrix (see Table 4.3), interaction between them in the mixed polymeric
films are expected to be favourable. Moreover, the films are expected to show greater
chain entanglements, which increase the film viscosity. By the kinetic mechanism,
reducing film mobility generally improves thermal stability of polymer film. Therefore, the
physical cross-linker TA-PS should act as a dewetting inhibitor in PS film. In addition,
effects of the molecular weight of TA-PS branches, molecular weight of PS and the film

thickness on thin film stability are investigated.

PS, TA-PS19 and TA-PS110 films are prepared by spin-casting from 1 wt.%
solutions to investigate their surface energies. All films are left in vacuum oven at room
temperature for several hours to confirm the completely evaporation of toluene solvent.
Water and diiodomethane are dropped on the sample surface. The contact angles of
each film are recorded and used to calculate the surface energy. As shown in Table 4.3,
PS, TA-PS19 and TA-PS110 films present similar values of surface energy. Thus, both

TA-PS are expected to distribute randomly in PS matrix as illustrated in Figure 1.2.
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5.2.1 EFFECT OF TA-PS19 IN PS11K FILMS

PS11K and TA-PS19 are chosen for matrix and additive in the first system. Since
the entanglement of PS chains generally occurs when their molecular weight are higher
than 18K [77, 78], PS11K film acts as a liquid when melten. Thus, the role of TA-PS on
improvement of film stability can be clearly observed. The concentrations of TA-PS are
varied from 0 to 100 wt.% in PS films. The thicknesses of all films, measuring by
elipsometer and AFM, are about 23 nm. OM images reveal smooth surface of all as-cast
films. Annealing thin films at 120 °C ,which is above the glass transition temperature (Tg)
of PS11K [11], for 12 h induces the dewetting behavior. All films are annealed at the
same time in vacuum oven to diminish experimental errors. As shown in Figure 5.10,
pure PS film exhibits some tiny holes; however, all the mixed films still completely spread
over the substrate. Increasing annealing time to 36 h, a few holes can be observed in 2
wt.% mixed film, corresponding to an early stage of dewetting. Dewetting process in this
film is around 3 times slower than the pure PS system. By annealing for 60 h, small holes
are detected in 5 and 10 wt.% mixed films. These holes are expanded by increasing
annealing time. After heating for 120 h, the dewetting area of pure PS film reachs about
70% (see Figure 5.11.(a)). Addition of 2, 5, 10 and 20 wt.% TA-PS19 additive causes the

drop of the dewetting area to about 45%, 15%, 10% and 0%, respectively.
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Figure 5.10 Optical micrographs of 23 nm thick PS11K films containing different
concentrations of TA-PS19 annealed at 120 °C for 12, 36, 60 and 120 h. Size of each

image is 100 pm x 100 pym.

Figure 5.11 (a) shows the plot between percent dewetting area versus annealing
time. The dewetting rates of each systems are described by the slopes of these plots.
By annealing all the films at 120 °C for 120 h, the dewetting rates of pure PS film and 2
wt.% mix film are almost the same. The mixed films containing 5 and 10 wt.% of TA-
PS19 shows significantly lower dewetting rates. Figure 5.11 (b) presents the plots
between percentage of dewetting area versus the concentration of TA-PS19. These
results indicate that addition of TA-PS19 cross-linker in 23 nm thick PS11K film can
suppress dewetting actions. Moreover, increasing amount of TA-PS19 significantly
increases the stability of the films. Because of the insignificant variation of surface
energy between PS11K and TA-PS19, we believe that the major reason for the

improvement in thermal stability of the films is chain entanglement.
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Figure 5.11 (a) Dewetting area versus annealing time of 23 nm thick PS11K films

annealed at 120 °C. Concentrations of TA-PS19 are (®) 0 wt.%, (O) 2 wt.%, () 5 wt.%,

(C1) 10 wt.% and (A) 20 wt.%. (b) Dewetting area of PS/TA-PS19 films versus TA-PS19

concentration.



71

5.2.2 EFFECT OF MOLECULAR WEIGHT OF TA-PS BRANCH

To study the effects of molecular weight of additives, TA-PS19 and TA-PS110 are
used as cross-linkers for PS films. PS33K which has a higher degree of an entanglement
is used as a matrix, so that the dewetting process can be followed more clearly. The
concentrations of TA-PS19 and TA-PS110 are varied from 0 to 100 wt.% in PS33K films.
Thin films with thickness about 23 nm are prepared using the same method as stated
above. The as-cast films at room temperature are continuously spread over the
substrate. Heating the films at 120 °C cannot induce the dewetting process because of
their relatively high molecular weight. Therefore, all films are annealed at 165 °C with the
different periods of time. Optical micrographs of PS33K films adding with TA-PS19 and
TA-PS110 cross-linkers are shown in Figure 5.12 (a) and (b), respectively. Annealing the
films at 165 °C causes dewetting structure. Many holes detected in the films are
expanded after annealing for 30 min. Pure PS33K film becomes totally dewet and mixed
films containing 2 and 5 wt.% of TA-PS19 show a number of holes which merge into
each other. Annealing for 60 min promotes the final stage of dewetting process on TA-
PS19/PS33 films. On the other hand, a slower dewetting process is observed in TA-
PS110/PS33K films, as shown in Figure 5.12 (b). By annealing the films for 60 min, 2 wt.%
TA-PS110 film transforms to hemispherical droplet. Mixed films with 5 and 20 wt.% TA-

PS110 exhibit large holes which expand as a function of annealing time until 120 min.
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Figure 5.12 Optical micrographs of 23 nm thick PS33K films containing different
concentrations of (a) TA-PS19 and (b) TA-PS110 annealed at 165 °C for 30 and 60 min.

Size of each image is 100 ym x 100 pym.

TA-PS19/PS33K film illustrates a relatively high dewetting rate as can be seen from
the slopes in Figure 5.13 (a). The pure PS and mixed films with 2, 5 and 10 wt.% of TA-
PS19 exhibit similar dewetting rate. Mixed films with 20 and 40 wt.% TA-PS19 show
lower dewetting rate. The pure TA-PS19 film also exhibits dewetting, though at
significantly lower rate than the others. The TA-PS110 cross-linker with longer branch
chains shows higher ability to suppress dewetting process. The mixed film with 2 wt.%
TA-PS110 dewets at higher rate compared to films with 5 wt.%, 10 wt.% and 20 wt.% of
TA-PS110. Therefore, increasing TA-PS110 concentration reduces the dewetting rate as
expected. Comparing to TA-PS19, the longer branch chain TA-PS110 shows higher
efficiency as a dewetting inhibitor. At annealing time of 60 min, TA-PS19 for 20 wt.% can

suppress dewetting behavior, while only 5 wt.% TA-PS110, is required as shown in
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Figure 5.12. From the results, we conclude that the stability of the mixed films can be

improved with increasing the molecular weight of branch chains of TA-PS cross-linker.

Similar results are detected in PS11K system also, as shown in Figure 5.14. The
effects of molecular weight of TA-PS branch on the thermal stability are clearly
obeserved in PS11K system because of their liquid behavior. Addition of TA-PS110 only
2 wt.% can retard the dewetting up to 48 h annealing time and the dewetting rate is
significantly lower than mixed films with TA-PS19. As we found in optical micrographs
(not shown), there are no dewetting area in 5 wt% TA-PS110/PS11K films.
Consequently, TA-PS110 with the long branch chains is a good inhibitor against
dewetting process. The higher effectiveness of TA-PS110 to stabilize polymer thin films
is due to its longer branch chains compared to TA-PS19. With increasing of molecular
weight of branch of cross-linker additive. The formation of chain entanglements inside
polymer film increases. The film mobility is reduced and then the stability of thin film

increase.



74

80

S

8

Dewetting area (%)

N
o

0 30 60 90 120 150 180
Annealing time (min)

Dewetting area (%)

0 30 60 90 120 150 180
Annealing time (min)

Figure 5.13 Dewetting area versus annealing time of 23 nm thick PS33K films annealed
at 165 °C. Concentrations of (a) TA-PS19 and (b) TA-PS110 are (®) 0 wt.%, (O) 2 wt.%,
(M) 5wt.%, () 10 wt.%, (A ) 20 wt.%, (A) 40 wt.% and (#) 100 wt.%.
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Figure 5.14 Dewetting area versus annealing time of 23 nm thick PS11K films annealed
at 120 °C. Concentrations of TA-PS19 are (®) 2 wt.% and ( l) 5 wt.% and

concentrations of TA-PS110 are (O) 2 wt.% and (L) 5 wt.%.

5.2.3 EFFECT OF FILM THICKNESS

The previous work of our reserch group showed that the effect of some foreign
molecules on the film stability depends on film thickness [11, 57]. Generally, there are 2
mechanisms improving stability of polymer film i.e., changing interfacial interaction and
increasing viscosity [7]. In thin fiim system, effect of interfacial interaction is
predominant. On the other hand, effect of film mobility is predominant in thicker film. To
confirm the major mechanism controlling wetting property in TA-PS/PS system, effect of
TA-PS on the stability of thin films (~7 nm) are investigated and compared with the 23
nm film system. PS33K is used as a matrix and TA-PS19 and TA-PS110 are used as
fillers at concentrations range from 0 to 100 wt%. All as-cast films show the
homogeneous surfaces. A number of tiny holes are detected in 2 wt.%, 5 wt.% and 20
wt.% TA-PS19 films when heating at 115 °C for 120 min (see in Figure 5.15 (a)).

Increasing annealing time to 300 min, the mixed films with 2 wt.% and 5wt.% of TA-PS19
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additive show final stage of dewetting. For TA-PS110/PS33K system, annealing at 115
°C for 120 min causes the mixed films containing 2 and 5 wt.% TA-PS110 to transform
from continuous film to dewetting structure, as shown in Figure 5.15(b). When increasing
heating time to 300 min, the 2 and 5 wt.% TA-PS110 reach 100% dewetting area, while
20 wt.% of TA-PS110 exhibits some small holes.
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Figure 5.15 Optical micrographs of 7 nm thick PS33K films containing different
concentrations of (a) TA-PS19 and (b) TA-PS110 annealed at 115 °C for 120 and 300

min. Size of each image is 50 pm x 50 um.

AFM topography images (see in Figure 5.16) confirm that the local structures of
the mixed films with 10, 20 and 40 wt.% additive correspond to structures as shown in
optical micrographs. No phase separation is observed in this system. The holes
detected in all films shows the same morphology. Since the holes distributions in

annealed films are randomly, the dewetting process is likely to occur by heterogeneous
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nucleation mechanism. Percentages of dewetting area as a function of annealing time of
TA-PS19/PS33K and TA-PS110/PS33K systems are shown in Figure 5.17. All films
exhibit high slope, indicating high dewetting rate. The dewetting areas of pure PS33K
and 2 wt.% TA-PS19/PS33K film are rapidly reach 100 % after heating for 180 min (see
Figure 5.17 (a)). The dewetting rate of 5, 10, 20 and 40 wt.% TA-PS19 films are almost
the same and show than the pure PS33K and 2 wt% TA-PS19 films. For TA-
PS110/PS33K films, 2 and 5 wt.% TA-PS110 illustrate steep dewetting slope, as shown
in Figure 5.17 (b). The films reach 100 % of dewetting area when annealing at 115 °C for
240 and 300 min, respectively. The mixed films with 10, 20 and 40 wt.% TA-PS110
indicate slower dewetting rate. The pure TA-PS films, however, exhibit no dewetting at

this annealing condition.

TA-PS concentration (wt.%)

TA-PS19

TA-PS110

-
Figure 5.16 AFM topography images of 7 nm thick PS33K films containing different

concentration of TA-PS19 and TA-PS110 annealed at 115 °C for 300 min. Size of the

images are 10 ym x 10 ym.
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Figure 5.17 Dewetting area versus annealing time of 7 nm thick PS33K films annealed at
115 °C. Concentrations of (a) TA-PS19 and (b) TA-PS110 are (®) 0 wt.%, (O) 2 wt.%,
(W) 5wWt.%, (1) 10 wt.%, (A) 20 wt.%, (A) 40 wt.% and (#) 100 wt.%.
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From the results, we can conclude that addition of TA-PS19 and TA-PS110 in
PS33K matrix inhibit dewetting process in 7 nm films, as in the previous system. The
quantity of TA-PS additives obviously affects the stability of the mixed films. Increasing
amount of the additives significantly increases the ability to inhibit dewetting behavior.
TA-PS with higher molecular weight of branch, TA-PS110, shows higher capability to
prevent the mixed films against dewetting. Increasing amount of the filler up to 40 wt.%,
the 7 nm film finally become stable. In addition, the effectiveness of both TA-PS additive
to improve polymer films stability is confirmed in the extremely thin PS films. However,
by comparing between 7 nm and 23 nm film systems, TA-PS additives show higher
efficiency in 23 nm film system. At the annealing conditions that the pure PS films are
totally dewet, i.e. 180 min for 7 nm and 30 min for 23 nm, 40 wt.% TA-PS110 cannot
prevent dewetting of 7 nm film (Figure 5.13 (b)). The result suggests that chain
entanglement is a major reason for improving film stability in TA-PS/PS system instead of
phase separation from polarity of the additive. As shown in previous researches [47, 80,
81], effect of reduction of film mobility or the presence of chain entanglement is
predominant in thick film system. Because, in ultrathin film, it is difficult to form an
entanglement. Then, addition of cross-linker additive is not sufficient to prevent
dewetting behaviour in ultrathin film. The entanglement density is drastically reduced by
decreasing the film thickness. Our hypothesis corresponds with AFM result which

illustrates no phase separation occur in polymer film.
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5.3 EFFECTS OF NANOPARTICLES

Effects of nanoparticle fillers on dewetting retardation were first reported by
Barnes et al. [43]. A significant increase in stability of polystyrene (PS) and
polybutadiene thin films was observed when small amounts of C,  fullerene
nanoparticles were added. Fullerenes were found to segregate to the film-solid
substrate interface, which altered the interfacial chemistry and geometry. Proposed
mechanisms for suppression of dewetting via nanoparticles included contact line
pinning and increasing in film-substrate interaction due to interfacial roughness. In
addition to organic nandfillers, inorganic additives i.e., metal and metal oxide
nanoparticles were also found to improve film stability. Mukherjee et al. [31] studied
stability of PS film with Au nanoparticle additive. With increasing Au concentrations, the
polymer films changed from complete dewetting to complete stability. Sharma et al. [53]
incorporated silica into PS film and found that dewetting was inhibited by the contact

line pinning.

In this study, we investigate titanium dioxide (TiO,) and zinc oxide (ZnO)
nanoparticles as dewetting inhibitors for PS films. Effects of nanoparticle concentration
and film thickness on the film stability are examined. TiO, is of interest due to its high
corrosion resistance and excellent optical transparency in the visible light, which are
useful for anti-reflection coatings in optical devices [82]. ZnO is a well-known inorganic
filler with unique properties, i.e. strong UV absorption combined with good transparency
in visible light. Thus, Polymer/ZnO composite is used as UV-shielding [83]. TiO, and
Zn0O nanoparticles used in this research are commercial ones and used without further
modification. Thus, the nanoparticles exhibit size distribution and a chance of
agglomeration. This is different from the previous studies that often employ the
synthesized nanoparticles and some with surface modification. In addition, to our
knowledge, the dewetting behavior and stability of the PS film containing TiO, and ZnO

nanoparticles have not yet been studied.
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5.3.1 TiO, NANOPARTICLES

Effects of TiO, nanoparticles on thermal stability of thin PS52K films (~30 nm) are
illustrated, as shown in Figure 5.19. The pure PS and PS/TiO, fiims undergo the
dewetting process when annealing time increases from 10 to 60 min. Holes are
observed in all films at annealing time of 10 min with remarkably larger diameter in the
pure PS films than in the PS/TiO, films. Increasing annealing time results in expansion
and merging of the holes. At annealing time of 60 min, the pure PS film reaches the final
stage of dewetting, showing dropplets of polymer. In contrast, at the same annealing
time, the PS/TIO, films are in the intermediate stage of the dewetting process.
Percentage of dewetting as a function of annealing time is shown in Figure 5.19. It is
obvious that adding TiO, nanoparticles can retard the dewetting process in the PS film
even at a very low concentration of 0.05 wt.%. The results also demonstrate that an
increase in concentration of TiO, nanoparticles significantly improves the stability of the

PS thin film.
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Figure 5.18 Optical micrographs illustrate dewetting pattern of PS films containing TiO,
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Figure 5.19 The %dewetting area versus annealing time of 30 nm-films

(® PS, © 0.05wt.% TiO,, m0.10 wt.% TiO, and 00.20 wt.% TiO,).
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Next, dewetting behaviors of the pure PS and PS/TiO, films with thickness ~100
nm are investigated at annealing temperature of 190°C. Results from optical microscopy
(see Figure 5.20) are similar to those of 30 nm-films i.e., TiO, nanoparticles suppress
dewetting of the PS films and increasing in the TiO, concentration enhances the film
stability. Dewetting areas determined from the optical micrographs are plotted as a
function of annealing time and shown in Figure 5.19 and Figure 5.21 for films with
thicknesses of 30 and 100 nm, respectively. In films with both thin and moderate
thicknesses, %dewetting area of the PS/TiO, films are lower than that of the pure PS
films, as shown in Figure 5.22 (a) and (b). The dewetting inhibition could result from
segregation of nanopaticles at the polymer-substrate interface as proposed by Barnes
et al. [43]. Since TiO, nanoparticles favor the polar SiO,/Si substrate, the nanoparticles
separate from the polymer matrix toward the substrate interface. Increasing in surface
roughness by nanoparticles alters surface energy and increases wettability of the
substrate. In addition, the 100 nm-film with 0.20 wt.% exhibits a constant dewetting area
after annealing for 16 h (see Figure 5.21), indicating that hole growth is subdued by
contact line pinning [43]. The nanoparticles affect the kinetic of hole growth by
segregating at the contact line between dry area (inside the holes) and hole rim.
Therefore, the contact line cannot move and the hole growth is restricted. It has also
been reported that pinning effect depends on nanoparticle concentration [22, 31, 43].
Thus, as shown in the results, the film stability is enhanced by increasing amounts of

TiO, nanoparticles.
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Figure 5.20 Optical micrographs illustrate dewetting pattern of PS films containing TiO,

nanoparticles at 0-0.02 wt.%. Film thickness is ~100 nm. All films are annealed at 190°C.

Image size is 500 pm X500 pm.
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Figure 5.21 The %dewetting area versus annealing time of 100 nm-films

(® PS, ©0.05 wt.% TiO,, l0.10 wt.% TiO, and 0J0.20 wt.% TiO,).
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Dewetting rate can be determined by the slope of the %dewetting versus
annealing time curve. For the 30 nm-films, the dewetting rate of the pure PS and the
PS/TiIO, films are similar. On the other hand, the dewetting rate of the 100 nm-films with
0.2 wt.% TiO, is significantly lower than that of the pure PS of the same thickness. The
results suggest higher efficiency of TiO, nanoparticles to promote film stability in the 100
nm-films than in the 30 nm-films. This could result from the difference in surface
morphology of the as-cast films with 0.2 wt.% TiO, nanoparticles as illustrated by AFM
topographs in Figure 5.23. Bright spots are detected on the surface of the 30 nm-film,
corresponding to protrusion of the nanoparticles from the film (Figure 5.23 (a)).
Conversely, the 100 nm-film exhibits smooth surface (Figure 5.23 (b)). The roughness of
30 nm- and 100 nm-fims are 0.3 + 0.1 nm and 0.07 + 0.01 nm, respectively. The
nanoparticles that are not covered with polymer could act as initial points of dewetting.
Therefore, adding TiO, nanoparticles as a dewetting inhibitor is less effective in the 30

nm-films.
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Figure 5.23 AFM topographs of the as-cast films with 0.2 wt.% TiO, (a) 30 nm-films and

(b) 100 nm-films. Image size is 10 yum x 10 um.

To further study the effects of the film thickness, dewetting behavior of the films
with thickness of 265 nm is investigated. OM images are shown in Figure 5.24. All films
are annealed at 190°C and %dewetting as a function of annealing time is shown in
Figure 5.25. All PS/TiO, films exhibit higher dewetting area comparing to the pure PS film
at the same annealing time. Moreover, increasing TiO, nanoparticles significantly
enhances the dewetting area. Dewetting occurs in the film with 0.20 wt.% TiO,
nanoparticles at annealing time of 3 h, and the dewetting area reaches ~ 50% at
annealing time of 12 h. The pure PS film, on the other hand, is still stable at 12 h. It is
obvious that addition of TiO, nanoparticles to the 265 nm-films enhances the dewetting

instead of suppressing the process.
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nanoparticles at 0-0.02 wt.%. Film thickness is ~265 nm. All films are annealed at 190°C.

Image size is 1000 umX1000 pm.

Hosaka et al. [30] reported that segregation of nanoparticles on polymer-air
interface and/or polymer-substrate interfaces leads to dewetting retardation. However,
particles homogeneously dispersed in polymer films result in dewetting. Our results
suggest that there are TiO, nanoparticles dispersed in the 265 nm-film since
segregation of the nanoparticles to the polymer-substrate interface could be difficult with
this film thickness. Heterogeneity between particles and polymer induces stress in the
film, leading to the dewetting. There is also a chance that some nanoparticles could
segregate to the substrate, which increase interface roughness and interfacial
interaction. This interaction, however, is short-length and applicable only within 100 nm

[30]. The phase separation to film-air interface can be negligible as confirmed by AFM.
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Figure 5.25 (a) The %dewetting area versus annealing time of 256 nm-films
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(b) %dewetting area versus Ratio of TiO, nanoparticles.
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5.3.2 ZnO NANOPARTICLES

Thermal stability of PS/ZnO films with the thickness about 30 nm are

investigated. PS52K is used as a matrix. Figure 5.26 shows dewetting structure in all

films by heating at 180 °C for different periods of time. The PS film is destroyed and

demonstrates some large holes after annealing for 10 min, while only small holes are

detected in all mixed films. Increasing annealing time results in expansion and merging

of the holes. Finally, the PS film become completely dewet when increasing annealing

time to 60 min. All PS/Zn0O films, however, indicate the slower dewetting process and

exhibit intermediate stage of the dewetting. Percentage of dewetting area as a function

of annealing time

is shown in Figure 5.27. It is obvious that adding ZnO nanoparticles

can retard the dewetting process in the PS film even at a very low concentration of 0.05

wt.% (see Figure

5.27) and the concentrations of ZnO nanoparticles affect the film

stability improvement.
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o
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y

Figure 5.26 Optical micrographs illustrate dewetting pattern of PS films containing ZnO

nanoparticles at 0 to 0.20 wt.%. Film thickness is ~30 nm. All films are annealed at

180°C. Image size is 300 ym x 300 pm.
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The dewetting behaviors of the pure PS and PS/Zn0O films with thickness ~100 nm
are also investigated. All films are annealed at 190°C to accelerate the dewetting
process. As same as in 30 nm thick film, results form optical microscopy reveal that
addition of ZnO nanoparticles suppress dewetting of the PS films and increasing in the
ZnO concentration enhances the film stability (Figure 5.28). We note that, the holes
detected in 0.20 wt.% of ZnO film are very small and are not expanded after heating for
a long time. Dewetting areas determined from the optical micrographs are plotted as a
function of annealing time and shown in Figure 5.29. The percentage of dewetting area
of all mixed films are significantly lower than that of the pure PS film. By increasing
annealing time, dewetting area of PS/ZnO films are less than 50 %. The film stability is
enhanced by increasing amounts of nanoparticles. Expectially, 0.20 wt.% ZnO film
exhibits a constant of percent dewetting area (< 5 %), though the annealing time is
increased to 24 h. The result indicates that the hole growth is subdued by contact line
pinning effect [43]. The nanoparticles segregate to the contact line and then the hole
growth is restricted, as described in previous report [22, 31, 43]. Furthermore, the
dewetting inhibition could result from segregation of nanopaticles at polymer-substrate
interface. ZnO nanoparticles favored the polar substrate separate from the polymer
matrix toward the substrate interface. Then, film stability is improved by increasing in

surface roughness.

The presence of ZnO nanoparticles in PS films causes a similar effect as in
PS/TiO, film system. Both nanoparticles plays role as a dewetting inhibitor in thin PS film
(less than 100 nm). Additions of the nanoparticles improve thermal stability of PS films
and increasing nanoparticle concentrations decreases the dewetting action. The
segregation of nanoparticles at the interface and the pinning contact line effect are the
reasons of dewetting retardation. In addition, results suggest that, ZnO nanoparticle
exhibits higher efficiency to suppress dewetting comparing to PS/TiO, system. As shown
in Figure 5.20 and Figure 5.28, the holes detected in 0.20 wt.% ZnO film is much smaller

than the holes detected in 0.20 wt.% TiO, film. Moreover, addition of small amount of
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ZnO (only 0.20 wt.%) greatly prevent the destruction of thin PS film. This could results
from the different in surface property between ZnO and TiO, nanoparticles, which

requires further investigation.

ZnO nanoparticles concentration (wt.%)
0 0.05 0.10 0.20

Annealing time (h)

nanoparticles at 0 - 0.02 wt.%. Film thickness is ~100 nm. All films are annealed at

190°C. Image size is 500 umX500 pm.
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Figure 5.29 (a) The %dewetting area versus annealing time of 100 nm-films
(® PS, O0.05wt.% ZnO, W0.10 wt.% ZnO and 00.20 wt.% ZnO).

(b) %dewetting area versus Ratio of ZnO nanoparticles.
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CHAPTER VI

CONCLUSIONS

We demonstrate that HBA molecules can be used as dewetting inhibitors for PS
ultrathin films. Thermal stability of the PS films is improved significantly when a small
amount of HBA is added. Structure of the HBA constitutes a large number of aromatic
groups and alkyl moieties, which enhances the 7 — 7z and dispersive interactions with
PS chains. Therefore, these HBA molecules behave as physical cross-linking points for
PS chains. The effect of HBA additives persists upon increasing film thickness from 7 to
23 nm. The HBA can be used as a dewetting inhibitor for PS with molecular weight of
11K and 33K. However, its efficiency is more pronounced in thin films of PS with smaller

molecular weight.

Secondly, effect of TA-PS cross-linkers on the thermal stability of PS film is
investigated. TA-PS, whose chemical structures similar to polymer matrix, play role as a
physical cross-linker by inducing an entanglement inside the PS film. Addition of both
TA-PS19 and TA-PS110 improves the wetting property in 7 and 23 nm film systems.
Increasing quantity of TA-PS significantly increases the film stability. Moreover, the
longer branch chain of TA-PS110 exhibits greater efficiency to suppress dewetting
process comparing with TA-PS19. The mechanism controlling wetting property in PS/TA-
PS system is chain entanglement corresponding with the insignificant difference of their
surface tension. The entanglement density is drastically reduced by decreasing the film

thickness. Hence, TA-PS shows a higher efficiency in 23 nm thick film system.

Lastly, the presence of ZnO and TiO, nanoparticles in PS films is found to be able
to inhibit dewetting behavior. Addition of the fillers improves wetting property in polymer
thin film (less than 100 nm) and increasing nanoparticles concentration obviously

decreases the dewetting process. The segregation of nanoparticles to the interface and
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the pinning contact line effect are the mechanisms improving film stability. ZnO
nanoparticle is found to exhibit higher efficiency than TiO, in order to suppress the

dewetting. This could result from the different in surface property.

RECOMMENDED FUTURE WORK

This research clearly presents that TiO, and ZnO nanoparticles can be used as
dewetting inhibitor in PS films. However, ZnO nanoparticles exhibit higher efficiency to
suppress the dewetting. Addition of small amount of ZnO greatly prevents the
destruction of the PS thin film. The property of nanoparticles that causes the variation in
suppressing the dewetting should be further investigated. Moreover the critical

concentration of TiO, and ZnO nanoparticles to stabilize PS film need to be studied.
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