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CHAPTER I 

 
INTRODUCTION 

 
 

Polymeric thin films have played important roles in materials science and 
engineering. The utilizations of polymeric films ranges from simple applications such as 
coatings, paints and adhesives to more advanced technologies including insulating 
layer in microelectronic devices and resisting layer for lithography.  

 
One of the major problems in thin film technology involves the issue concerning 

its instability on supported solid substrates. It has been known that the polymeric thin 
film tends to dewet on unfavorable surface when its thickness decreases. Increasing in 
temperature during operation also accelerates dynamics of dewetting process by 
increasing amplitude of interfacial fluctuation [1-9] The dewetting of polymeric thin films, 
in turn, deteriorates their properties. For example, the dewetting of insulating polymeric 
layer used in electronic circuit board results in the breakdown of voltage (Figure 1.1). 
 
 
 
 
 
 
 
 

Figure 1.1 Dewetting of insulating layer on electronic devices 
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 The dewetting phenomenon of polymeric thin films can take place via 
spinodal[1,4,5] and/or heterogeneous nucleation mechanisms [7-9] Increasing of 
interfacial thermal fluctuation mainly contributes to the spinodal one while the 
heterogeneity of surface energy on solid substrate leads to another process. The 
dewetting behavior is influenced by various parameters including interfacial energy and 
film thickness. Unfavorable interfacial interactions and the decrease in film thickness are 
known to accelerate the dynamics of dewetting process. 
 
 In recent years, researchers have been seeking for methods to suppress the 
dewetting of polymeric thin films[10-40] In general, it can be categorized into two 
approaches. The first one involves chemical modification of polymeric chains and/or 
solid substrate, which leads to an increase in interfacial interaction. The modification of 
polymeric chains can be achieved by attaching moieties along a main chain, side 
chains and end groups. For example, it has been demonstrated that the incorporation of 
sulfonated group into main chain or end group of polystyrene (PS) can result in a drastic 
increase in thin film stability. However, this method inevitably alters physical properties 
of the modified polymer due to an existence of ionic pendent in the system [12,14,15] 
The second approach utilizes foreign molecules/nanoparticles as additives. The 
dewetting of the film can be retarded by the addition of foreign materials such as 
nanoparticles[10,19,20,22,27,32,35], homopolymers[21,36], copolymers[37,38] and 
metal/metal oxide nanoparticles[10,27,32,35]. The additives are expected to suppress 
the dewetting process by increasing the interfacial interaction between the film and the 
substrate, and providing a pinning effect followed by a decrease in hydrodynamic fluid 
flow process during film rupture. Example of additive are diblock copolymer [37,38], 
bisphenol-A polycarbornate [21], random copolymers [41], dendrimers [39], 
hyperbranched polymers [40] and several nanoparticles such as silica [27], gold [44], 
and polyhedral oligomeric silsesquioxane (POSS) [19,20]  
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 In this research, PS is selected to use as matrix in the system because dielectric 
constant of PS is relatively high which is desired for insulating materials. The statistical 
copolymer poly(styrene-stat-chloromethylstyrene) (P(S-stat-ClMS)) and Fe3O4 
nanoparticles are used as additives in  PS film of thickness less than 50 nm. The PS 
films are fabricated with various additive concentrations and under different heat 
treatment conditions. The dewetting behavior and film stability are investigated by 
means of atomic force microscopy (AFM), optical microscopy (OM) and contact angle 
meter. The Cl atom in random copolymer (P(S-Clx)) expected to enhance the interfacial 
interaction between PS film and solid substrate by altering bond polarity to increase the 
dipolar interaction. We expected that the chloromethylstyrene groups (ClMS) in 
copolymer should anchor on SiOx/Si substrate via dipolar interaction while styrene 
segments interact with the matrix polymer as illustrated in Figure 1.2. For nanoparticle 
addition, Fe3O4 nanoparticles are expected to increase the film stability by pinning 
effect, which controls fluid spreading on rough surface. The retardation of dewetting by 
pining implied that the filler particles are on the solid substrate, reducing flow dynamics 
and increasing film stability as illustrated in Figure 1.3. 
 

 
 
 
 
 
 
 

 
 

Figure 1.2 (top) Chemical structures of PS and P(S-Clx) copolymer additive and (bottom) 
illustration of interfacial interaction between copolymer and substrate. The ClMS groups 

are expected to anchor on SiOx/Si substrate.  
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Figure 1.3 Schematic of pinning effect by Fe3O4 nanoparticles on SiOx/Si substrate to 

increase PS film stability.  
 
Objectives of this research  
 
1. To study interfacial interaction between pure, blended and filled polystyrene thin 

films and inorganic substrate. 
2. To investigate methods for suppressing the instability of the polymeric thin films 

on Si-wafer substrate. 
 
Expected benefit of this research 
 
1. Thin films with high stability can be obtained by addition of copolymers and  

Fe3O4 nanoparticles. 
2. The fundamental knowledge from this study is also important for designing or  

selecting structure of additives used to improve the stability of polymeric thin 
films. 
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CHAPTER II 
 

THEORETICAL BACKGROUND  
AND LITERATURE REVIEWS 

 
 
2.1 Mechanism of dewetting in polymer-based thin film 
 
 Ultrathin (less than 100 nm) polymeric films play important roles in many 
applications such as coatings, paints, adhesives, insulating layer in microelectronics 
and resisting layer for lithography. To retain their intended properties, these films are 
required to remain stable when exposed to various conditions, such as heat and 
humidity. Depending on thin film geometry and/or capillary fluctuation, phase separation 
can occur, which lead to film rupture and droplet formation [1-9,70-78] The film 
instability (film rupture and droplet formation) called dewetting process is an important 
factor in technological applications of thin films. The dewetting process has been 
studied in the areas of experiment, simulation, and theory.   
 
 The mechanism of the rupture process of the liquid films is described by two 
theoretical approaches. The first is growing fluctuation wave mechanism or spinodal 
mechanism or spinodal decomposition, which appears on fluid interface under the 
influence of attractive force; i.e. electrostatic, van-der-Waals, and maybe long-rage 
hydrophobic force (LRHF). The spinodal decomposition is initiated when thermal 
fluctuations modulate the interfacial interaction amplitude of film topography which is 
called annealing process [1,4,5,64] as shown in Figure 2.1. In this mechanism, the same 
spinodal wavelengths are observed, which cause the appearance of the correlate holes. 
They are same dimensions and exhibit random distribution. The characteristic of 
spinodal mechanism is continuous breakup of holes. In this mechanism, the spinodal 
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wavelength (λs) is amplitude of spinodal dewetting of film, which relate with surface 
energy of film as shown in equation 2.1. [1]  
 

 ( )

21
8

/

s h
πγλ ⎥
⎦

⎤
⎢
⎣

⎡
′′

−
=

ϕ
      (2.1) 

 
Where ( )hϕ ′′  is second derivative of effective interface potential, which is function of film 
thickness (h). When film thickness is decrease to lass than sλ , dewetting area can 
occurs. In polymer, annealing process is done by heating to above the glass transition 
temperature [71], maintaining for a period of time, and then cooling. The second is 
heterogeneous nucleation inside the film suggested by Derjaguin and Gutop. [5,68] No 
attractive forces are necessary. Density fluctuations inside the film in the vicinity of 
hydrophobic spots or tiny gas bubbles can cause the rupture. For heterogeneous 
nucleation, decreasing surface energy of thin film leads to appear uncorrelated holes 
that are different in dimensions and exhibit non-random distribution as shown in Figure 
2.2. In addition, heterogeneous nucleation appears if the film thickness decreases below 
critical thickness (h0) ( ( ) 00 〉′′ hϕ ). A currently described example is rupture of 
polystyrene layers on silicon wafers. The breakup of films by spinodal dewetting is 
controlled by interfacial fluctuation. On the other hand, the rupture of films by nucleation 
strongly depends on the initial conditions such as air bubbles, defects, and the 
occurrence of strain in the films. 
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Figure 2.1 spinodal decomposition (a) illustration (b) AFM topography 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.2 heterogeneous nucleation (a) illustration (b) AFM topography 

 
 
 
 

Dewetting area

interfacial fluctuation
amplitude

Th
er

m
al

 e
ne

rg
y

Correlate hole

(a) (b)
Dewetting area

interfacial fluctuation
amplitude

Th
er

m
al

 e
ne

rg
y

Correlate hole

(a) (b)

impurity

Dewetting area

Su
rf

ac
e 

en
er

gy

Uncorrelate hole

(a) (b)

impurity

Dewetting area

Su
rf

ac
e 

en
er

gy

Uncorrelate hole

(a) (b)



 
 

8

Under normal circumstances, polymeric thin films on non-wettable surfaces 
become unstable and undergo a self-destructive process once annealed at a 
temperature higher than the glass transition temperature (Tg) of the polymer. At T>Tg, the 
molecules of polymers start to rotate and vibrate, initiating the dewetting process. At the 
first stage of dewetting process, the film breaks up into holes. Then, the holes grow and 
coalesce to form a morphology consisting of a polygon pattern of unstable ribbons, 
which is the intermediate stage. The final stage is the broken of the ribbons into 
droplets. Stages of dewetting process are shown in Figure 2.3. 

 
 

   
    (a)      (b)       (c) 
 

Figure 2.3 Three stages of dewetting process (a) holes,(b) polygon pattern of ribbons 
and  (c) droplets 

 
2.2 Young’s equation 
 

Dewetting or instability of polymeric thin films is driven by the effective molecular 
interactions acting between all the interfaces that separate the three media: substrate, 
film and surrounding gas. Favorable interfacial energy between film and solid substrate 
leads to adhesion between an organic phase and a solid substrate. The film stability or 
equilibrium between the three interfacial energy (substrate/film/air) can be expressed by 
Young’s equation [45] associated with the contact angle (θ):  
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θγγγ cosFSFS +=       (2.2) 
 
Equation (2.2) is developed for the case of an ideal surface, which is defined 

morphology of surface such as smooth, rough or homogeneous. Surface free energies 
of the solid substrate and polymer thin film are expressed as Sγ  and Fγ  respectively, 
and SFγ  is the interfacial free energy between polymer thin film and substrate. Young’s 
equation is based on the balance of surface force acting on the triple line where the 
solid, liquid, and vapor phases meet. The surface force (per unit of length of triple line) 
of the solid-vapor surface is equal to the total of the solid substrate-film surface force 
and the component of the surface force of the film-vapor surface along the surface of 
the substrate. Young’s equation can be demonstrated as mechanical equilibrium 

condition, as shown in Figure 2.4. When θcos  is positive (when ⎟
⎠
⎞

⎜
⎝
⎛∈

2
,0 πθ ), the liquid 

wets the solid. Therefore, when FSFS γγγ 〉−  ,no contact angle can be defined by 
Young’s equation and the liquid spreads over the solid, forming a homogeneous film. 
Sometimes, SFS γγ −  is called the adhesion tension and θcos  is called the relative 
adhesion coefficient. When the films are not ultrathin or thick, the film is considered 
homogeneous or wet when 0〉S  and heterogeneous or dewet when 0〈S . For 0〈S , 
the dynamics of dewetting on the film is heterogeneous nucleation and/or growth of hole 
(spinodal decomposition), and the film eventually breaks up into a patterned 
arrangement of droplets [45]. 

 
 
 
 
 
 

 
Figure 2.4. Definition of contact angle 
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The dewetting behavior of thin film is characterized by a spreading coefficient, S. 
 
  FSFSS γγγ −−=     (2.3) 
 
2.3 Solid surface tension calculations 
 

Measurements of surface tension data, directly reflects thermodynamic 
characteristics of the thin film. Measurement of contact angles yield data, which reflect 
the thermodynamics of a liquid/solid interaction and can significantly indicate film 
stability. If you wish to characterize the wetting behavior of a particular liquid/solid pair 
you only need to report the contact angle. It is possible to characterize the wettability of 
your solid in a more general way. To characterize the thermodynamics of the solid 
surface itself more analysis is required. Various methods are used but the same basic 
principle applies for each. The solid is tested against a series of liquids and contact 
angles are measured. On the other hand, the surface tension of polymer with a low 
surface energy can not be directly because of the elastic and viscous restraints of bulk 
phase, which necessitates the use of indirect methods. 
 

Calculations based on these measurements produce a parameter (critical 
surface tension or surface free energy), which quantifies the characteristics of the solid 
and mediates the properties of the solid substrate. The critical surface tension or the 
surface free energy obtained in this way can be regarded as the "surface tension" of the 
solid substrate, which is a characteristic property of the solid in the same way as the 
surface tension is for a liquid. Five different approaches are mainly used for determining 
the energy of solid substrates [45]: 1. Fowkes’ and later Owens and Wendt’s method), 2. 
Critical Surface Tension (Zismann), 3. Equation of state approach (Neumann’s method) 
and 4. Acid-Base (van Oss-Good method).  
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 2.3.1  Fowkes’ and later Owens and Wendt’s method 
 

In this research, using the Geometric Mean (Fowkes’ and later Owens and 
Wendt’s method) calculates the surface tension of solid substrate and thin film. This 
approach divides the surface energy which consists of two components, dispersive and 
polar which can explains the result of interaction between solid substrate and additives. 
The contact angle between solid substrate and thin film uses to calculate the surface 
tension. Owens and Wendt assumed that the surface free energy of contact area 
between polymers with liquid can be represented by the equation by the equation 
 

( )h
l

h
s

d
l

d
saW γγγγ += 2       (2.4) 

 
The resulting equation when combined with Young's equation: 
 

( ) ( )h
l

h
s

d
l

d
sl γγγγθγ +=+ 2cos1     (2.5) 

 
Where θ is the contact angle,

lγ  is liquid surface tension and
sγ  is the solid surface 

tension, or free energy. The total free surface energy is the sum of its two components  
i.e. dispersive surface energy ( )dγ  and polar surface energy ( )hγ . 
 

hd γγγ +=        (2.6) 
 

In addition to that method, Owens and Wendt selected only two liquid which are 
polar and non-polar liquid to form droplet on surface that lead to measure the contact 
angle and determine the surface tension of solid. The Fowkes theory generally requires 
the use of only two probe liquids, as described above, and the recommended ones are 
diiodomethane or methylene iodine, which should have no polar component due to its 
molecular symmetry, and water, which is commonly known to be a very polar liquid.  
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This method determines surface energy of solid substrate ( sγ = d
sγ  + h

sγ ) by the 
measurements of the θ of two liquids with known lγ , d

lγ , h
lγ values i.e. water and 

diiodomethane. Surface energy of water ( waterγ =72.7 mJ/m2, d
waterγ = 21.8 mJ/m2, 

h
waterγ = 50.9 mJ/m2) and diiodomethane ( anediiodomethγ = d

anediiodomethγ = 50.0 mJ/m2,  
h

anediiodomethγ =  0 mJ/m2) are used in this study [45] 
 

 2.3.2 Zisman’s method 
 
 This approach is used for the calculation of critical surface tension of solid 
substrates which are low surface energy, and is represented by Zisman and coworker. 
They measure the contact angle with various non-polar liquids test and plot graph 
between  θcos  and surface tension of liquid test. This graph is probably straight line as 
shown in Figure 2.5. When 1cos =θ , they can indicate the surface tension value ( )lγ  
which is called the critical surface tension ( )cγ . The relation between contact angle and 
surface tension can describe by equation 2.7 
 
 ( )cl γγβθ −−=1cos        (2.7) 
 
 
 
 
 
 
 
 
 
Figure 2.5. Determining the critical surface tension according to Zisman’s method 
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 2.3.3 Neumann’s method 
 
 Neumann and coworker introduce the solid substrate – film interfacial tension 
which is a function of film and surface energy of solid substrate as shown in equation 
(2.8) 
 
 ( ) ( ) ( )[ ]2exp2 sllslSsl γγβγγγγγ −−−+=     (2.8) 
 
Where β  = 0.000115 (m2mJ-1)2. From Young equation, it can now be written as equation 
(2.9) 

( )2exp21cos sl
l

s γγβ
γ
γ

θ −−+−=       (2.9) 

 
 This approach assume that the surface of solid substrates are imaginary surface 
which are smooth, continuous, rigid, homogenuous and non-deformable. Also, these 
method is not favorable in many research. 
 
 2.3.4 van Oss-Good method 
 
 Van Oss, Good and Chaudhury introduce to determine free surface energy by 
adhesion. This approach suggests that surface tension consist of two components i.e. 
Lifshitz –van der Waals interaction ( )LWγ  and the acid-base interaction at 
interface ( )−+ γγ , . 
 
 ( ) ( )( )−−++ −−+−= lsls

LW
l

LW
ssl γγγγγγγ 2

2   (2.10) 
 
This equation is combined with Young’s equation as shown in below equation   
 
 ( ) ( ) ( ) ( ) 2/12/12/1 222cos1 +−−+ ++=+ slsl

LW
s

LW
ll γγγγγγθγ   (2.11) 
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2.4 The dewetting parameter 
 
 A thermodynamically unstable polymer film can be mechanically deposited onto 
a substrate by spin-coating. The polymer chains become frozen in a vitrified state that 
stabilizes the film because the chains lose their mobility by quenching to room 
temperature below its glass transition temperature (Tg) or exposure to solvent vapor [64] 
The annealing temperature above Tg of polymeric thin film causes the film to dewet from 
the substrate. The dewetting dynamics is controlled by many parameters; surface 
energy, film thickness [47,50,51,57,58,66,67] , molecular weight [36,69] and substrate 
[80]  
 

2.4.1 Surface energy 
 

Surface energy is quantity of energy for the disruption of intermolecular bonds 
when a surface is created on material such as crack or rupture. The surface energy may 
therefore be defined as the excess energy at the surface of a material compared to the 
bulk. For a liquid, the surface tension (ratio of force per unit length) and the surface 
energy density are same definition. For example, water has a surface energy density of 
0.072 J/m2 and a surface tension of 0.072 N/m. 
 
 In recent years, one of the major interests is to understand the dynamics of 
dewetting process of the films; so that, the dewetting can be suppressed and the film 
stability can be promoted. Film stability and dewetting mechanisms involve an effective 
interface potential energy or the surface free energy of the film, which result from the 
presence of the two interfaces as shown in Figure 2.6. When surface energy between 
polymeric thin films and Si substrate are very different, the dewetting behavior occurs. 
The decreasing of surface energy difference between solid substrate and thin film 
enhance film stability. In addition, dewetting rate of liquid polymers is influenced by 
annealing temperature, annealing time and flow velocity at the solid/liquid interface.   
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Figure 2.6. A polymeric thin film is confined between 2 interfaces; substrate and air. 
 
 2.4.2 Effect of film thickness on dewetting behavior 
 
 In addition to the surface and interfacial energy, thin film dewetting greatly 
depends on the film thickness [47,50,51,57,58,66,67] The quality of the films appears to 
rapidly degrade as the thickness of the film decreases. Bertrand, et.al [3] shown that the 
initial thickness of the thin films have an effect on the dewetting rate. The dewetting 
dynamics was inversely proportional film thickness. This can also be explained by an 
increasing mobility of the film. The increase in the overall mobility within the film is due to 
the increasing proportion of molecules that are adjacent free liquid surface, and that the 
mobility near this surface is greater than in the bulk. These results imply not only that the 
mobility of the liquid increase with decreasing solid-liquid interaction, but also that the 
mobility adjacent to the free surface of the film is higher than in the bulk, so that the 
average viscosity of the film decreases with thickness. 
 

2.4.3 Effect of molecular weight on dewetting behavior  
 

 Dewetting dynamics depend on molecular weight of polymer matrixs and 
polymer additives. When molecular weight of polymer matrix is less than entanglement 
molecular weight of polymer, dewetting dynamics rapidly appear. Chain entanglement is 
the difficulty in untangling their chains, which makes polymers strong and elastic. For 
example, chain entanglement molecular weight of PS is around 18,000 g/mol. Henn, et 
al., [69] reported that increasing molecular weight of monofunctional chain could cause 

 

Si substrate 

Polymeric thin film SiOx/Si 
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chain entanglements in polymer and inhibited dewetting dynamic in thin film. This 
research suggested that high molecular weight of monofunction chain as polymer 
additive suppressed dewetting on thin film.  In addition, the dewetting rate was slower 
for high molecular weight of polymer due to enhance viscosity with reduce dewetting 
dynamics. On the other hand, high molecular weight of polymer additives in thin film led 
to film instability. X. Li et al., [36] reported that dewetting dynamics depended on 
molecular weight of PMMA as additive in PS thin film. The low molecular weight of 
PMMA can effectively retarded dewetting in thin film more than with high molecular 
weight. They suggested that increasing of polymer additive aggregation increased with 
molecular weight and caused nucleation site, dewetting dynamics could easily appear. 
 

2.4.4 Effect of substrate on dewetting behavior 
 
The controlling surface morphology and stabilization on thin film depend on 

properties of hydrophilic and hydrophobic substrates [80,81] X. Han, et al.,[80] studied 
surface morphology of polymer blend film via polymer-substrate interaction with various 
substrate. They found that the stabilization of polymeric thin film depended on 
interaction between solid substrate and thin film. For hydrophilic solid substrate, the 
dewetting dynamics were accelerated on thin film as shown in Figure 2.7(a-b) because 
thin films were made of hydrophobic polymer. On the other hand, for hydrophobic 
silanized glass, dewetting area was less than hydrophilic solid substrate (Figure 2.7(c)). 
This result suggested that the different of solid substrate and thin film could enhance 
film instability.  
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   (a)       (b)                    (c) 

Figure 2.7. AFM image of thin films spin-coated on (a) hydrophilic (b) gold surface and 
(c) hydrophobic silanized glass [80] 
 
2.5  Measurement techniques for dewetting behavior  
 
 2.5.1 Optical microscope (OM)  
 
 Optical microscope use visible light (wavelength ranging from 400-700 nm) and 
system of lenses, which consists of objective lenses and eyepiece lenses, to observe 
image surface of small samples. The processes of optical microscope let start following, 
visible light from source is aimed toward a lens beneath the stage, through sample, 
through objective lens and finally, to eye through a eyepiece lens. In this research, the 
magnifications of optical microscope are ranging from 5x, 10x, 20x and 50x.  The 
application of optical microscopy is used worldwide in microelectronic, nanomaterial, 
biotechnology and microbiology. 
  

2.5.2 Atomic force microscope (AFM) 
 

Atomic force microscope (AFM) is the main microscopic method for generation  
of the surface topography which was invented by Gerd Binning in 1980 s. The AFM is 
sometime called colloidal probe technique because it can be measured substrate 
surface in ambient condition and colloidal particle in liquid condition. The AFM is 
scanning probe technique based on detection near-field force between the sharp 
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cantilever tip and sample. The near-field force is detected by AFM, which is divided to 
four types including short-rang forces, Van der Waals force, electrostatic force and 
capillary force. These forces are described as follow. First, short-range Forces are 
interactive force in pair electrons between atoms.  The valence bond theory can 
describe short-rang forces as chemical bonds forming of shared electron between two 
or more atoms. These forces depend on distance between atoms and appear close to 
atomic spacing. The efficiency of AFM able to detect short-rang forces which are 
approximately 0.5-1 nN. Second, Van der Waals forces are a weak dipolar 
intermolecular interaction and described by the inverse square law in physics shown in 
equation 2.12. For AFM technique, the effect of Van der Waals forces on the objects 
varies by the inverse square of the distance between the sharp tip cantilever and 
sample.  

 
 26d

HRFvdW =         (2.12) 
 

Where H is the Hamaker constant (~10-19J), R is radius of spherical tip and d is distance 
between cantilever tip and sample. Next, electrostatic force is often called Coulomb 
force that interacts between electric charges on cantilever and specimen. The physical 
of electric force is long-rang force and distance of interactive force is more than shot-
rang force. The last one is capillary force, which refers to surface tension force of water 
vapor between cantilever tip in AFM and sample. In ambient condition, capillary forces 
have played important in AFM technique. The decreasing of this force in system can 
enhance efficiency in measurement.  
 
 General force sensors in AFM consist of a cantilever and a sharp tip at the end 
of the cantilever. The interaction forces (e.g. Van der Waals Forces, electrostatic forces) 
can be determined the deflection of the sharp cantilever tip, which has a known spring 
constant. The elastic bending of sharp cantilever tip is detected from the reflection of 
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laser beam as shown in Figure 2.8. There are three types of operational modes in AFM 
i.e. static contact mode, dynamic non-contact mode and phase mode.  
 
 
 
 
 
 
 
 
 

Figure 2.8. Schematic illustration of AFM 
 

2.5.2.1 Static contact mode 
 

In recent years, static contact mode is widely used in research. Because this 
mode is advantage for a small scan area and high speed scan. However, the cantilever 
tip in static contact mode must touch the surface sample, which can cause destruction 
of surface. In this mode, the tip-cantilever closes to the surface of the sample, attractive 
forces can be strong. Also, the stiffness of tip-cantilever or spring constant must be less 
than 1 N/m 

 
2.5.2.2 Dynamic non-contact mode  
 

Dynamic non-contact mode is similar alternating-current system (AC), which use 
of oscillating-tip cantilever. When tip-cantilever is vibrated at high frequency under 
attractive forces with surface and moves very close to the surface sample, but not 
touching with surface. The force between the tip-cantilever and sample surface is very 
low, estimated in order of pN or 10-12 N. The cantilever tip and sample surface are 
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separated in non-contact mode. Therefore, the non-contact mode is suitable for soft 
surface such as polymers and biological materials. 

 
2.5.2.3 Phase mode 
 

In phase mode, the cantilever is excited into resonance vibration with a 
piezoelectric driver in controller system. This phase mode imaging can be correlated 
with specific material properties that effect between the tip-cantilever with surface 
sample interaction. Also, this mode can detects differentiate areas on a surface sample 
with variation in composition, adhesion, viscoelasticity and other properties. The most 
application in phase mode is could be identification of contaminants on surface sample. 
  

2.5.3 Contact angle measurements 
 
The determine of interfacial surface energies are important to solve problem in  

materials science and pure science. However, they don’t directly measure but can be 
determined by using contact angle. Because contact angle measurements are easy, 
which are separated in two types i.e. direct measurement of static and dynamics 
contact angle.  
 

2.5.3.1 Direct measurement of static contact angle  
 

The goniometer-microscope equipment, which was developed by Dr. William  
Zismann of United States Naval Research Laboratory in Washington .DC. is widely used 
to measure the contact angle of a liquid drop resting on solid surface. The equipment 
consists of an eyepiece, a camera and image-analysis solfware to calculate the tangent 
value of the capture image of droplet.  
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2.5.3.2 Direct measurement of dynamic contact angle 
 

 Wilhelmy plate method or the tensiometric contact angle method uses for 
measurement dynamic contact angle. The measurement in these method consist of thin 
rectangular plate or Wilhelmy plate, which is made of platinum, computer for including 
data and  control system. For this method, dynamic equilibrium is used for expansion 
process as shown equation 2.13 
 
 HdgρmgθPγF LLV ϖ−+= cos      (2.13) 
 
 F is force acts on the electrobalance or Wilhelmy plate. It determines from 
surface tension force or wetting force, gravity force and buoyancy force. Where m is 
mass of Wilhelmy plate, g is acceleration of gravity, ρL is density of liquid, ϖ is Wilhelmy 
plate thickness, H is plate width, d is depth of the immersion, P is perimeter of plate, LVγ  
is surface tension of liquid and θ is contact angle. The process in this method is 
immersion of Wilhelmy plate in liquid, which measures surface tension with depth of 
immersion. The computer software concludes and analysis data, which consist of the 
wetting force and depth of immersion. The graph of wetting force versus depth of 
immersion relates to measure receding and advancing contact angle. In this technique, 
there are two types of contact angle i.e. advancing contact angle (θa) and the receding 
contact angle (θr)[45] The advancing contact angle (θa) is close to maximum value and 
the receding contact angle (θr) is close to minimum value of contact angle. These 
contact angles depend on properties of surface such as roughness, shapes and 
chemical structure on surface. The advancing contact angle and receding contact 
angle can be calculated at the sample is immersed in liquid test (Figure 2.9(c)) and 
withdrawn out liquid test (Figure 2.9(d)), respectively. The good point in this method, the 
accuracy is more than static contact angle measurement and this measurement is 
without human uncertainty.    
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Figure 2.9. Wilhelmy plate method: a. the sample is above liquid; b. the sample touches 
the liquid surface; c. the sample is immersed into liquid test; d. the sample is withdrawn 

of liquid test [45] 
 
2.6     Literature review on retardation of dewetting 
 

2.6.1 Retardation of dewetting  by chemical modification 
 
 In recent years, researchers have been seeking for methods to prevent the 
dewetting of polymeric thin films. One method involves chemical modification of 
polymeric chains, which leads to the increase in interfacial interaction with solid 
substrate.  
 
 Akhrass, et al., [25] presented that addition of photoactive additives to cross-
linking PS-PDMS films could retarded dewetting of the thin films. The principle of the 
cross-linking process was irradiating PS-N3 thin film under ambient conditions by an 
ultraviolet (UV) light with a wavelength of 365 nm. This energy was able to break up the 
photosensitive azide functionality (-N3) and to create highly reactive nitrene radicals as 
shown in Figure 2.10. The series of the optical images indicated decrease of density 
and dimension of holes as UV radiation time increase are in Figure 2.11. This result 
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indicated that cross-linking led to macromolecule network and increased elastic force 
which could suppress the dewetting velocity on PS-PDMS films. However, this method 
inevitably altered the physical properties of the modified polymer due to the existence of 
ionic pendent in this system.  

 
 

Figure 2.10. Principle of the cross-linking reaction of PS-PDMS [23] 
 

 
(a) 

 
(b) 

Figure 2.11. Influences of the cross-linking on film stability (a) optical images showing 
the decrease in dimension of holes as UV radiation time increases and (b) density of 
hole per area as a function of UV radiation time [25] 
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 Gregorg, et al., [46] used a bi-functional photoactive molecule as an additive in 
polystyrene thin film. There were two steps for cross-linking PS by bi-functional 
photoactive molecule (Figure 2.12). The first step, recombination between PS and a 
benzophenone ketyl radical resulted in a covalent bond. This happened on both 
benzophenone chromophores. The second step, radicals created on PS chain by 
hydrogen abstraction and could recombine to form cross-links. Researchers reported 
that the film containing bi-functional photoactive molecule shown a less amount of holes 
(Figure 2.13). The mechanism for dewetting suppression was assumed to involve a 
photochemical cross-linking reaction that limited the mobility of the polymer chains 
needed to form holes. This result suggested that the dewetting was inhibited by to result 
in a quasi-two-dimention network.  
 
 

 
 

Figure 2.12. Principle of the cross-linking reaction of PS by bi-functional photoactive 
molecule [46] 
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                           (a)                                              (b) 
Figure 2.13. AFM topography of PS films after annealed at 170 °C (a) pure PS (b) 
Irradiated PS film containing bi-functional photoactive molecule to PS [46] 
 
 S.H. Choi, et al., [33] studied suppression of the dewetting process of PS thin 
films by modifying silicon substrate surface. Si substrates were prepared by immersing 
into aminopropyltriethoxysilane(APTES) solution in HPLC hexane. It was found that the 
dewetting process of PS thin film on the APTES surface was suppressed. Hole density 
and hole diameters decreased compared to the control surface.   
 
 This research observed that dewetting suppression occured for the PS/APTES 
thin film annealed at 80 and 120 °C. In addition, strong suppression was observed for 
PS having a molecular weight higher than entanglement molecular weight as shown in 
Figure 2.14. They expected that the APTES molecule could generate hydrogen bonding 
with hydroxyl group on silicon substrate and the hydroxylated head group in itself 
(Figure 2.15). In addition, PS chain can increase enough mobility due to high annealing 
temperature to crosslink the APTES molecule, and penetrated into APTES network while 
extended aminopropyl groups.  
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                                             (a)                                            (b) 
                          

                                        
                                            (c)                                           (d) 
   
Figure 2.14. Optical image showing hole density and dimension of hole in PS films  
(a) PS-9.3k on control surface (b) PS-63k on control surface, (c) PS-9.3k on APTES 
surface and (d) PS-63k on APTES surface [33] 
 

 
 

Figure 2.15. The strategy of PS/APTES interface structure for films annealed at 80 °C 
[33] 
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2.6.2  Retardation of dewetting  by foreign molecules or nanoparticles  
 
The second approach for suppression the dewetting is by utilizing foreign 

molecules or nanoparticles as additives. The addition of molecules or nanoparticles in 
polymer matrix can retards dewetting behavior of polymeric thin films by enhancing the 
favor interactions between polymer matrix and solid substrate and a result of pining 
effect. The dewetting of the film can be retarded by the addition of foreign materials 
such as nanoparticles [10,19,20,22,27,32,35,48,49,55,60,63], homopolymers [21,36], 
copolymers [37,38,56,62,79] and metal/metal oxide nanoparticles[10,27,32,35]. These 
organic and inorganic additives are already in used for tailoring mechanical, electrical 
and optical properties of the polymer matrix. Additionally, the added amount is small 
and the additive is inert. Thus, chemical properties of the polymer matrix remain 
unchanged. The additives are expected to suppress the dewetting process by 
increasing the interfacial interaction between the film and the substrate, and providing a 
pinning effect followed by a decrease in hydrodynamic fluid flow process during film 
rupture, which result in film stabilization over a long period of time. Additives that are 
reported to use in PS include tetramethylbisphenol polycarbonate (TMPC) [21], 
polyhedral oligomeric silsesquioxanee (POSS) [19,20], carbon black and silicon dioxide 
nanoparticles [1,27] 
 

Traiphol [14] reported that the incorporation of chloromethyl group into phenyl 
rings of polystyrene resulted in the increase of thin film stability. The existence of only 5 
mol% of the chloromethyl group in the system could significantly inhibit the dewetting 
dynamics of ultra thin films with thickness of about 5 nm. Since the polymeric chain was 
slightly modified in this system, the physical property of polystyrene is hardly affected. In 
addition, the film stability depended on mole ratio of chloromethyl group. Increasing the 
chloromethyl mole ratio ranging from 20-100 mol% was found to systematically increase 
film stability. This result suggested that increasing of mole ratio of chloromethyl group 
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implied the shorter distance between chloromethyl group that led to interfacial 
interaction enhancement between –CH2Cl group and SiOx/Si substrate (Figure 2.16). 

 

 
 
Figure 2.16. Illustration of interfacial interaction between choromethylstyrene group (–
CH2Cl) group and SiOx/Si substrate. The choromethylstyrene group is expected to 
anchor on substrate while the styrene moiety favorably interacts with polystyrene 
matrix.[14] 
 

Newby, et al., [47] investigated thin film behavior of poly(methyl 
methacrylate)/poly(styrene-ran-acrylonitrile) hybrid films with thickness ranging from 10 
nm to 600 nm. They reported that the addition of random copolymer in thin films led to 
an inhibition of dewetting. AFM topography in Figure 2.17 showed that dewetting area of 
the thin films containing 75 wt% of coplymer  is much smaller compared to the one with 
25 wt% of copolymer on film thickness around 30-600 nm. At 50 wt% copolymer in thin 
films (50/50 films), dewetting dynamics were retarded for film thickness between 20-100 
nm. Stable and unstable films can be indicated by the graph of roughness of the surface 
and interface as a function of film thickness as shown in Figure 2.18 for film contained 
50 wt% of copolymer. It was clear that the stability of poly(methyl 
methacrylate)/poly(styrene-ran-acrylonitrile) hybrid films depended on film thickness and 
copolymer concentration. 
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       (a)                                    (b) 

Figure 2.17. AFM topography of thin films (~60 nm thick) containing (a) 75 wt% and (b) 
25 wt% random copolymer[47] 
 

 
 

Figure 2.18. The surface and interface roughness analyzed from the AFM scan as a 
function of the original film thickness. Stable films can be observed for thickness values 
ranging from 20 to 110 nm [47] 
 

Li, et al., [36] reports that addition of a small amount of poly(methyl methacrylate) 
(PMMA) into polystyrene (PS) inhibits the dewetting process of thin PS film through 
phase separation of the off-critical polymer mixture (PS/PMMA). The growth of hole 
diameter in polystyrene and PS/PMMA10 (4 wt% of PMMA) were displayed in Figure 
2.19. It was clearly shown that adding 4 wt% of PMMA greatly reduced the rate of hole 
growth. Film dewetting was inhibited by separation of PMMA to the substrate due to 
higher surface energy of PMMA compared to PS. Thus, PMMA was expected to 
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interface between polystyrene and SiOx/Si substrate, which changed the film structure 
and decreased the interfacial tension between polystyrene and substrate. 

 

 
 
Figure 2.19. Hole diameter versus annealing time at 150°C for PS and 
polystyrene/PMMA 4 wt% (NPS/PMMA10) [36] 

 
Recently, inorganic nanoparticles are very important as fillers because the 

desired properties such as mechanical, optical, electrical and thermal properties can be 
rendered to the final products. Addition of the inorganic fillers in the polymer matrix can 
also suppress the dewetting process. The inhibition of deweting in blended polymer 
films can occur because of the enrichment of the filler particles at air-polymer or 
polymer-substrate interfaces. The nanoparticles such as silica, gold, C60 fullerene, 
carbon nanotubes and polyhedral oligomeric silsesquioxane (POSS) were investigated 
in polystyrene and leaded to a drastic increase in thin film stability.  

 
Barnes, et al., [35] used C60 fullerene to suppress the dewetting process in 

homopolymer and reported that adding a small amount of nanofiller particle in a spun-
cast polystyrene thin film could reduced dewetting dynamics. Comparing at the same 
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annealing condition and film thickness, fullerene-filled polymer films exhibit different 
morphology at various additive concentration. In thin films with low fullerene 
concentration (0.005 wt%), the holes stopped growing and the usual hole coalescence 
process was greatly inhibited (Figure 2.20). This result indicated that the 
inhomogeneously distributed nanofillers bound to the surface and arrested the growth of 
dewetting regions by a result of pining effect as shown in Figure 2.21. fullerene fillers 
affect fluid spreading on surface. Oles were inhibited to grow and dewetting process 
cannot be progressed. The retardation of dewetting by a result of pining implied that the 
filler particles were fixed to the solid substrate resulted in a strong interaction between 
the nanoparticle and the substrate. 
 

      
                                        (a)                                               (b) 
 
Figure 2.20. Optical images of thin films annealed at 100 °C for 30 min (a) pure PS and 
(b) PS with C60 fullerene at 0.005 wt% [35] 

 
Figure 2.21. Inhibition of dewetting by pining effect. 

 

Substrate  
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                     (a)                                (b) 

 
                     (c)                                (d)                                                (e) 
Figure 2.22. AFM topography images of polystyrene-block-polyisoprene diblock 
copolymer/ Fe2O3. Ratio of Fe3O4 are (a) 0%, (b) 1%, (c) 20%, (d) 30% and (e) 
Schematic side view picturing the PS masked nanoparticle sitting on top of the diblock  
copolymer nanostructure on solid substrate.[28] 
 

Kashem, et al., [28] used maghemite nanoparticles (Fe2O3) to suppress the 
dewetting process in polystyrene-block-polyisoprene diblock copolymer and reported 
that dewetting process was retarded by preceding microphase separation (Figure 
2.22(a-d) ). These results showed that addition of nanoparticles in thin film. The 
nanoparticles located on top of PS-b-polyisoprene diblock copolymers, connecting the 
interface between the superstructure was formed and dewetting was retarded. Thin film 
stability was found to increase with increasing amount of nanoparticles.  
 

H. Zhang, et al., [48] reported the use of Fe3O4 nanoparticles to increase stability 
of 2-nitro-N-methyl-4-diazonium-formaldehyde resin (NDR) thin film. Poly(methacrylic 
acid) (PMAA)-capped Fe3O4 nanoparticles were prepared by coprecipitation with PMAA 
in aqueous solution and introduced into the polymer matrix. Once UV irradiated, 
covalent bonds between the nanoparticles and polymer were fromed, which significantly 
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improved stability of the thin film. Reaction of the covalent bond forming was suggested 
in fig. 2.23.  
 

 
 
Figure 2.23. The schematic scheme of the photoreaction of NDR and PMAA-capped 
Fe3O4 nanoparticle in a self-assembled film [48] 

 
 

 Sharma, et al., [27] studied Si and carbon black nanoparticles as fillers in 
polystyrene thin film. It was found that the rim appears slightly irregular and seems to be 
composed of particle clusters (Figure 2.24(a)). The particles were clearly seen in the the 
lateral force image where they appeared darker than the surrounding polymer. After 
annealing for 24 h., particle at the rim of the some hole were clearly shown and the 
individual clusters appeared. The contrast of the particle was no longer visible in the 
lateral force image, indicating that they were now covered with a PS layer. This result 
indicated that Si nanoparticles strongly interacted with PS and inhibited dewetting by 
pinning effects. On the other hand, an unfavorable interaction existed between carbon 
black and the polymer, causing phase separation and increasing in the rate and 
magnitude of dewetting of the films. 
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(a) 

 
(b) 

Figure 2.24. (a) AFM image of several holes on PS surface with Si particle. (b) AFM 
image scaned of the same hole after annealing for 24 h. The particle clusters in the rim 
were now clear [27]. 
 
 N. Hosaka, et al., [19,20] studied the improvement of thermal stability of PS 
species by addition of the polyhedral oligomeric silsesquioxane (POSS), which POSS is 
a nanosize particle and a well-defined cluster with an inorganic silica-like core (Si8O12) 
surrounded by eight organic corner groups. This nanoparticle itself was an inner 
inorganic-organic hybrid system at the molecular level. So, with respect to other 
inorganic nanoparticles, it can be uniformly dispersed into a polymer as an inorganic 
particle without further surface modification. Hybrid nanocomposites of PS-POSS 
containing various POSS contents were prepared by a solution blending method. The 
researchers reported that, at a relatively low POSS content, a new stronger dipole-dipole 
interaction between POSS and the carbonyl of PMMA species and a hindrance effect of 
nanosize on the motion of PS molecular chain resulted in an increase Tg of the hybrid 
nanocomposites. At a relatively high POSS content (>0.84 mol%), the dipole-dipole 
interactions between the POSS and the carbonyl of the PS species decreased because 
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of a strong aggregation effect of POSS. This led to a decrease in Tg of the hybrid 
nanocomposite. 

 



 
 

CHAPTER III 
 

EXPERIMENTAL METHODS 
  
 
3.1 Materials 
 

3.1.1 Polymer matrix and copolymer additives 
 
The objective of this study is to investigate effects of additives on stability of  

polymeric thin films under annealing condition. Our system consisted of polystyrene 
(PS)(Mw=34,300 g/mol, Mw/Mn=1.04) as polymer matrix, statistical copolymer 
poly(styrene-stat-chloromethylstyrene)) (P(S-ClX)) with various ratios of 
chloromethylstyrene group (ClMS) as additive. Ratios of ClMS group in copolymers are 
5 mol% (P(S-Cl5))(Mw=33,000 g/mol, Mw/Mn=1.12), 20 mol% (P(S-Cl20))(Mw=32,900 
g/mol, Mw/Mn=1.18)   and 45 mol% (P(S-Cl45))(Mw=46,000 g/mol, Mw/Mn=1.48). All 
polymers were purchased from Polymer source Inc. (Canada). Properties of PS matrix 
and copolymer additives were listed in table 3.1 and chemical structures of polymers 
were illustrated in figure 3.1. 
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Table 3.1. Properties of PS matrix and P(S-ClX) statistical copolymer additives 
(Appendix A) 

poly(styrene-stat-
chloromethylstyrene) 

(P(S-ClX)) 
Properties Polystyrene 

(PS) 
P(S-Cl5) P(S-Cl20) P(S-Cl45) 

Weight-average molecular weight 
(g/mol) 

34,300 33,000 32,900 46,000 

Molecular weight distribution (Mw/Mn) 1.04 1.12 1.18 1.48 
Glass transition temperature(°C) [14] 100 103 95 104 
Ratios of ClMS group (mol%) 0 5 20 45 
 

 
(a) 

 
 

(b) 
 

 
(c) 

 
 
 

(d) 
Figure 3.1 Chemical structures of (a) PS, (b) P(S-Cl5) copolymer (c) P(S-Cl20) 
copolymer and (d) P(S-Cl45) copolymer. The amount of PS groups within 20 repeating 
units of each copolymer 
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3.1.2  Fe3O4 nanoparticles 
 
Ferric chloride anhydrous (FeCl3) (Mw=162.20 g/mol) and iron (II) chloride 

tetrahydrate (FeCl2.4H2O) (Mw=198.83 g/mol) were purchased from Merch Schuchardt 
OHG (Germany) and used as reactants to synthesize Fe3O4 nanoparticles. Co-
precipitation was employed for synthesis of Fe3O4 nanoparticles [59] First, FeCl3 (4.98 g) 
and FeCl2.4H2O (3 g) were dissolved in 120 ml of water. The mixed solution was added 
into a solution of ammonium hydroxide (25 wt% in water), which was used as 
precipitating agent. The chemical reaction is expressed in equation 3.1.  

 
Fe2+ + 2Fe3+ + 8OH- → Fe(OH)2 +2Fe(OH)3 → Fe3O4 + H2O  (3.1) 
 
Then, the solution was stirred under an atmospheric pressure and centrifuged at 

3,000 rpm. The precipitate was collected and sequentially washed with deionized water. 
Fe3O4 nanoparticles powder was obtained upon drying at 120°C for 2 h. The 
morphology, size and phase of Fe3O4 nanoparticles were examined by using 
transmission electron microscope (TEM)(JEM-2100, JEOL Ltd., Japan)  and X-ray 
diffractometer (XRD) (Bruker AS, Diffraktometer D8, Germany). The Fe3O4 nanoparticles 
were sphere with ~ 9.0 nm in diameter as shown in Figure 3.2. XRD pattern of the Fe3O4 

nanoparticles in figure 3.3 showed the phase of pure magnetite.  
 
 

 
 
 

 
 

 
Figure 3.2 TEM micrograph of Fe3O4 nanoparticles 

50 nm50 nm
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Figure 3.3 XRD pattern of Fe3O4 nanoparticles 
 

 
3.1.3 Chemicals for cleaning silicon wafer substrates 
 
Organic compounds, dust and lipid cover naturally on the bare silicon (Si) 

surface after a short period of time. The organic compounds were removed before using 
Si wafer as a substrate. Chemical mixture used for cleaning oxidized Si wafer substrate 
consists of sulfuric acid (H2SO4) (Acidimetric 95-97%, M 98.08 g/mol, Merck in 
Germany) and hydrogen peroxide (H2O2) (35% v/v, Vidhyasom co.,Ltd in Thailand) at 
70/30 v/v.. The oxidized Si wafer was cleaned in the mixed solution at 80 °C for 1 hr. 
Then the Si wafer was rinsed in deionized water for several times and dried with 
compressed N2 gas before using as a substrate for polymeric thin film. 
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3.2 Preparation of thin films  
 

3.2.1 Preparation of PS thin films  
 

PS solutions were prepared by dissolving the PS in toluene solution (RCl 
Labscan Limited, Thailand) at concentrations ranging from 0.1, 0.2 and 0.3 wt%. PS 
solutions were spin-coated at 1000 rpm for 10 s on Si wafer. The obtained film thickness 
was less than 50 nm. The annealing temperatures were above the glass transition 
temperatures of the PS for 30 min, 2, 12, 36 and 104 h and then quenched to room 
temperature by placing on a cold metal surface. The annealing temperatures were 
varied with film thickness. Since the dewetting rate of polymeric thin film decreased with 
increasing film thickness, annealing temperature for the thicker films was increased to 
observe dewetting dynamics in a reasonable time. Therefore, this research used 
annealing temperatures of 120 and 165 °C for 5 and 11-17 nm thick PS films, 
respectively. 

 
3.2.2 Preparation of P(S-ClX)/PS thin film  
 
P(S-ClX)/PS solutions were prepared by mixing PS with P(S-ClX) copolymers in 

toluene at solution concentrations ranging from 0.1, 0.2 and 0.3 wt%, which yielded film 
thickness between 5-17 nm. P(S-ClX) with ratios of ClMS group ranging from 5, 20 and 
45 mol% were added at concentrations ranging from 0-40 wt% of copolymer. The P(S-
ClX)/PS solutions were spin-coated at 1000 rpm for 10 s on oxidized Si wafer. All films 
were annealed in vacuum oven at 120 and 165°C for 5 nm and 11 nm thick films, 
respectively. Increasing annealing temperature could accelerate dewetting rate and 
allow observation of dewetting behavior on thin films. Annealing temperatures were 
above the glass transition temperatures of the PS and the statistical copolymer. 
Annealing times were 30 min, 2, 12, 36 and 104 h. After that, the films were quenched to 
room temperature by placing on a cold metal surface. 
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3.2.3 Fe3O4 nanoparticles/PS thin films 
 
PS solutions and Fe3O4 nanoparticles solutions were separately prepared at 

concentrations of 0.1, 0.3 and 0.6 wt% in toluene. Fe3O4 solutions were sonicated in 
ultrasonic bath for 30 min and mixed with ultrasonic probe for 5 min. After that the Fe3O4 

solutions were settled for 5 min to precipitate the large agglomerates, leaving nanosize 
particles in the clear supernatant. Then, Fe3O4/PS solutions were prepared by mixing PS 
solution with supernatant containing Fe3O4 nanoparticles at 5, 10, 20 and 30 wt% 
supernatant. The mixed solutions were used to prepare thin films by spin coating on 
SiOx/Si substrate, which described in details later on. 

 
To prove the presence of Fe3O4 nanoparticles and determine the corresponding 

actual concentration in thin film, TGA and UV-vis were employed.(Perkin Elmer, 
TGA7HT) For TGA analysis, the Fe3O4 /PS solutions were dried at 100°C for 2 h. The 
received Fe3O4/PS powder was analyzed with TGA in condition of temperature ranging 
from 200-500 °C. The result for solution containing 50 wt% supernatant was shown in 
Figure 3.4. It was found that percentage of mass loss of PS in Fe3O4/PS powder was 
99.95 %. Therefore, the corresponding actual concentration of Fe3O4 in the solution is 
0.05 wt%. 

  
 
 

 
 
 
 

 
Figure 3.4 TGA result of Fe3O4/PS (50/50 w/w) operating in air showing the residual 
mass. 
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In this research, UV-VIS spectroscopy was used to determine the presence of 
Fe3O4 nanoparticles in Fe3O4/PS solutions, using PS in toluene as a reference. 
Absorption peak was found at 247 nm, showing the existence of Fe3O4 nanoparticles. 
Since the solutions were clear, peaks at visible ranges (400-700 nm) were not observed 
as shown in Figure 3.5. 
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Figure 3.5 UV–visible absorption spectrum of Fe3O4/PS solutions prepared with (a) 5 
wt.% (b) 10 wt.% (c) 20 wt% and (d) 30 wt% of supernatant containing Fe3O4 
nanoparticles.  
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The Fe3O4/PS thin films were fabricated from Fe3O4/PS solutions of 
concentrations of 0.1, 0.3 and 0.6 wt%, which yielded film thickness between 5-38 nm.  
The Fe3O4/PS thin films were prepared by spin coating at 1000 rpm for 10 s on Si wafer. 
All films were annealed in vacuum oven at annealing temperatures above the glass 
transition temperature of PS which were 120, 165 and 180°C for 5 nm, 17 and 38 nm 
thick films, respectively. Annealing times were ranging from 20 min to 1 h. The films 
were periodically quenched to room temperature. The morphology of Fe3O4/PS ~38 nm 
thick film containing 0.03 wt% Fe3O4 nanoparticles annealed at 180 °C for 60 min is 
shown in Figure 3.6. AFM images of the annealed Fe3O4/PS films showed a phase 
separation in thin films. The diffusion of Fe3O4 nanopartices to form agglomerates was 
expected to cause film instability.     
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 (a)-(c) AFM topography image of~38 nm thick Fe3O4/PS films annealed at 180 
°C for 60 min and (d)-(e) corresponding AFM phase images of AFM topography, 
respectively 
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3.3 Characterization of thin films 
 

3.3.1 Surface topography and dewetting area 
 
In our research, atomic force microscopy (AFM) and optical microscopy (OM) 

were used to study surface topography of polymeric thin films of thickness less than 100 
nm. AFM is a very high-resolution type of scanning probe microscopy. The resolution is 
the same as scanning tunneling microscopy and transmission electron microscopy 
which is on the order of nanometer. The magnification of images in AFM is more than 
1000 times better than the optical microscope limit. AFM technique provides three 
dimensional images of sample and could generate the resulting map of the area which 
represented the topography of the sample. In addition, AFM could work completely in 
ambient air or a liquid condition.  

 
Stability of P(S-ClX)/PS and Fe3O4/PS thin films at various annealing times were 

detected by AFM. Morphology of thin films was investigated by intermittent contact AFM 
(SPI3800N Nanoscope II, Seiko Instrument Inc., Japan) under ambient conditions. In this 
work, the cantilevers were fabricated from Si3N4 with a spring constant of about 20 N/m. 
All samples were scanned with different scan ranges i.e., 150 µm×150 µm to 5 
µm×5µm to reveal topography of samples at different length scales. Hole diameter and 
depth of hole can be detected, then dewetting area and roughness can be analyzed by 
extended Grain analysis in AFM software as shown in figure 3.7.  
 

In addition, surface topography was examined by OM (WV-F15HSE, Matsushita 
Communication Industrial Co.,Ltd., Japan). Although, magnification of OM was less than 
AFM technique, OM could confirmed the results by larger area. Magnifications of 5x, 
10x, 20x and 50x were used to observe surface topography in ambient air condition. 
Steps of dewetting process were investigated and dewetting area can be calculated by 
using equation 3.2 after process the image with a commercial picture adjusting 
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program. For example, the dewetting area and total area in OM image in figure 3.8(a) 
were process by record measurement analysis in Adobe® Photoshop program as 
shown in figure 3.8(b). After that, percentage of deweting area was calculated by using 
equation 3.2     

 

( ) 100
areatotal

areadewetting%areadewetting ×=    (3.2) 

 
Furthermore, film thickness (∆Z) could be detected by using surface analysis in 

AFM software [82-84] as shown in figure 3.9. The process of measurement of film 
thickness is on the following steps. 

Step 1: Needles (Hypodermic needle regular wall, NIPRO) with diameter of 0.4 
mm and length of 25 mm were immersed in toluene.  

Step 2: The needles were used to make multiple scratches in various direction 
on homogeneous polymeric thin film. 

Step 3: Surface analysis software in AFM was used to measure film thickness by 
scanning a scratch in straight line as shown in figure 3.9(a). The software measured the 
differential in vertical axis (∆Z) which was determined as film thickness. 

 
 

 
 
 
 

 
                         (a)                                                    (b) 

Figure 3.7. AFM topography (a) before and (b) after using extended Grain analysis 
software 
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(a) (b) 
Figure 3.8.OM images (a) before and (b) after using a picture adjusting program. 
 
 
 
 
 
 
 
 
 
 
   
       (a)          (b) 
Figure 3.9. Film thickness measurement (a) AFM topography and (b) depth profile (∆Z) 
from software analysis.  
 

3.3.2 Contact angle and surface energy 
 
Contact angle measurement detects the angle between liquid drop and  

substrate, which sometime was called drop shape analysis. The contact angle was the 
angle at which a liquid/vapor interface contacted a solid surface. The contact angle 
measurement can be used to determine surface energy or surface tension on substrate.  
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In this research, contact angle meter (CAM-PLUS Tantec, U.S. Pantent, USA) 
was used to measure contact angle(θ ) of solid i.e. polystyrene thin film, poly(vinyl 
benzyl chloride) thin film and Si wafer substrate. Then surface energy, which is an 
important factor to describe the film stability could be determined using Owens-Wendt-
Kaelble approach as shown in equation 3.3 

 
  h

l
h
s

d
l

d
sl γγγγθγ 22)cos1( +=+     (3.3) 

 
Where lγ  is surface tension of films, θ is contact angle, d

sγ is dispersive surface tension 
component of solid substrate, d

lγ is dispersive surface tension component of film, h
sγ  is 

surface tension component due to hydrogen bonding and dipole-dipole interaction of 
solid substrate and h

lγ  is surface tension component due to hydrogen bonding and 
dipole-dipole interaction of film. 
 
Table. 3.2 liquid surface tension components of water and diiodomethane [42]  
 
Liquid lγ (mJ/m2) d

lγ (mJ/m2) h
lγ (mJ/m2) 

Deionized water 72.7 21.8 50.9 
Diiodomethan 50 50 0 
 
Table. 3.3 Contact angles of water and diiodomethane  
 

Contact angle (degree) 
Type of Surface 

Deionized water Diiodomethane  
SiOx/Si 43±2 37±3 
PS 86±1 22±2  
P(ClMS) 72±2 31±3 
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The data in table 3.2-3.3 were used to calculate the surface energy of solid 
substrate. For example, surface energy of silicon substrate was calculated by using 
equation 3.3. Substitution of surface tension of diiodomethane and water in equation 3.3 
as represented in equation 3.4 and 3.5, respectively could solve d

Sγ  and h
Sγ   which 

were 40.4 and 21.7, respectively.  
  
 ( ) h

S
d
S γγ ×+×=+ 0250237cos150     (3.4) 

And 
 ( ) h

S
d
S γγ ×+×=+ 9.5028.21243cos17.72    (3.5) 
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Experimental diagram 
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CHAPTER IV 
 

RESULTS AND DISCUSSIONS 
 
 
4.1. Surface energies 
 
 In this research, Owens-Wendt Kaelble approach detailed in 2.3 is used for 
surface energy calculation. This approach explains total energy ( sγ ) which consists of 
dispersion energy ( dγ ) and polar interaction ( hγ ) on surface. According to this 
approach, the surface energies of PS, PClMS and SiOx/Si substrate are evaluated and 
summarized in Table 4.1. In this research, the surface energy of PS  is close to 
Neumann’s method which is approximately 42 mJ/m2[45] The SiOx/Si substrate exhibits 
higher surface energy compared to that of PS. In general, if the surface energies of thin 
film and solid substrate are very different, thin film will break up into holes. The total 
surface energies of PClMS and PS are comparable. It is indicated that both polymers 
can mix well and polymeric thin films are homogeneous.  The existence of ClMS group 
causes the increase of the polar component ( h

sγ ). Therefore, it is expected that the 
addition of copolymers containing ClMS group into PS film enhances the interfacial 
dipolar interaction with SiOx/Si substrate. 
 
Table. 4.1 Solid surface tension components of SiOx/Si, polystyrene and 
poly(chloromethylstyrene) calculated from contact angles of water and diiodomethane 
using the Owens-Wendt-Kaelble approach 
 
Type of Surface sγ (mJ/m2) d

sγ (mJ/m2) h
sγ (mJ/m2) 

SiOx/Si 62.1 40.4 21.7 
Polystyrene (PS) 47.4 46.4 1.0 
Poly(chloromethylstyrene) (PClMS) 48.7 43.1 5.6 
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4.2. Effects of P(S-Clx) copolymers on film stability 
 

4.2.1 Dewetting behavior of PS thin film 
 

In general, the dewetting of PS thin film proceeds through several stages upon 
annealing above the glass transition temperature [1,4-6]. The dewetting begins with the 
breaking of continuous film into small holes induced by capillary fluctuation and 
interfacial heterogeneity. The holes expand with the increase of annealing time and 
eventually merge into each other, forming interconnected structures. In final stage, the 
structures disintegrate into hemispherical droplets, where the interfacial interactions 
between polymer and solid substrate are determined by their contact angle [42]. 
 

The dewetting behavior of pure PS film is presented in the first section as a 
control set of the experiment. Figure 4.1 shows AFM topography images of ~5 nm thick 
pure PS films before (Figure 4.1(a)) and after annealed at 120 °C for various times 
(Figure 4.1(a-e)). Annealing of pure PS film for 30 min (Figure 4.1(b)) causes the 
formation of large holes with the diameter of > 0.5 µm and the depth ranges from 5 to 6 
nm. A number of randomly-distributed small holes, corresponding to an early stage of 
dewetting, can also be observed on the sample. Their width and depth are ~0.1-0.6 µm 
and ~1.4-3.2 nm, respectively. Numbers and dimensions of the holes increase with 
increasing annealing time to 2 h (Figure 4.1(c)) and 12 h (Figure 4.1(d)). The PS droplets 
are detected when the annealing time reaches 36 h (Figure 4.1(e)). The droplet height is 
in the range of 36-50 nm.  
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Figure 4.1. AFM topography images of ~5 nm thick pure PS films (a) before annealed 
and (b)-(e) after annealed at 120 °C for 30 min, 2 h, 12 h and 36 h, respectively. 
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4.2.2 Effect of P(S-Cl5) copolymer 
 
 In this research, blend films are prepared using P(S-Cl5) copolymer at 
concentrations of 10, 20, 30 and 40 wt% which are corresponding to ClMS group 
concentration of 0.5, 1.0, 1.5 and 2.0 mol%, respectively. Figure 4.2 illustrates the 
surface morphology of thin films containing different ratios of the P(S-Cl5) copolymer 
before annealing process. Surface morphology of all films is homogeneous and smooth. 
In annealing process, all films are annealed at 120 °C above Tg of PS thin film. It is 
found that surface morphology of films annealed for 30 min start to dewet as shown in 
Figure 4.3. A number of randomly-distributed small holes, corresponding to an early 
stage of dewetting, can be observed on the samples. The dewetting area of thin films 
containing of P(S-Cl5) copolymer at concentration of 0, 10, 20, 30 and 40 wt.% are 
around 3.0±0.8, 2.8±1.0, 3.3±1.0, 3.1±1.0 and 1.4±0.4%, respectively. At 30 min 
annealing time, the dewetting areas of all films are similar and retardation of dewetting 
dynamics by the addition of P(S-Cl5) copolymer is not obvious. When increasing 
annealing time to 2 h, the dewetting area on thin films containing various ratios of P(S-
Cl5) copolymer are clearly different as shown in Figure 4.4. The dewetting areas are 
approximately 9.0±1.0, 7.0±1.5, 4.0±0.3, 4.4±0.3 and 2.0±0.4% on thin films containing 
P(S-Cl5) copolymer ratios ranging from 0-40 wt.%, respectively. This result obviously 
shows that adding P(S-Cl5) copolymer into PS thin films enhance film stability.  
 
 To accelerate flow dynamic of polymeric thin film, annealing time is increased to 
12 h. It is clear that the dewetting dynamics slow down significantly when the P(S-Cl5) 
copolymer is added into the PS film. Figure 4.5 illustrates the surface morphology of thin 
films containing different ratios of the copolymer. In the pure PS film (Figure 4.5(a)), 
irregular-shaped holes with diameter of ~1 µm are observed with nanodroplets inside 
the holes. The width and height of the nanodroplets are 42±8 nm and 2.5±0.7 nm, 
respectively. The nanodroplets reflect the existence of the so called “mesolayer” 
(intermediate layer) near solid interface. Nature of the mesolayer and its dewetting 
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behavior were discussed in details in the literatures [13,32] The mesolayer also play a 
significant area in the interfacial interaction between layers. Increasing of the interaction 
between substrate and film layers in the mesolayer arises film stability. The addition of 
10 wt% copolymer into PS film hardly improves the suppression of dewetting process 
although the dewetting area slightly decreases. Irregular-shaped holes and nanodroplet 
can still be observed (Figure 4.5(b)). The diameter of hole is similar to that of pure PS 
film. Increasing of the copolymer ratio to 20 wt% causes a drastic suppression of the 
dewetting dynamics. As shown in Figure 4.5(c), the holes detected in the film are 
0.5±0.1 µm in diameter and 3.6±0.7 nm in depth. It is clear that the diameters of holes 
are much smaller compared to those of pure PS film subjected to the same annealing 
condition. In fact, the pure PS film annealed for 30 min already exhibits the formation of 
much lager holes (Figure 4.3(a)). The result demonstrates that the addition of 20 wt% of 
the copolymer leads to a significant increase in polystyrene film stability. It is important 
to note that only ~1 mol% of ClMS group exists in this film. Therefore, one can expect 
the minimal perturbation of other physical properties of system i.e. glass transition 
temperature. Further increasing the copolymer ratios to 30 and 40 wt% the consistent 
results of dewetting suppression can be obtained. As shown in Figure 4.5(d), the width 
and depth of hole detected in the film containing 30 wt% of the copolymer are 0.4±0.05 
µm. and 2.1±0.9 nm, respectively. Further decrease in numbers and dimension of holes 
is observed when the copolymer ratio is increasing to 40 wt% (Figure 4.5(e)). From the 
analyses of hole dimensions, it is clear that the stability of PS thin film systematically 
increases with ratio of the copolymer. 

 
To gain more information about the stability of these films, the annealing time is 

increased to 36 and 104 h. Figure 4.6 illustrates AFM topography images of the 
polymeric films annealed for 36 h. the pure PS film already breaks up into droplets while 
the film containing 10 wt% of the copolymer partially dewets the substrate as shown in 
Figure 4.5(a) and (b), respectively. Although the holes slightly expand in the films 
containing 20 to 40 wt.% of the copolymer, the films are still intact at this annealing 
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condition (Figure 4.5(c-e)).  Further increasing the annealing time to 104 h as shown in 
Figure 4.7 still does not cause the total dewetting of the film containing 10 wt.% of the 
copolymer (Figure 4.7(b)). Other films containing higher ratios of the copolymer are 
hardly affected. These results show that the addition of P(S-Cl5) copolymer into the PS 
film can delay the dewetting dynamics significantly.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2 AFM topography images of ~5 nm thick P(S-Cl5)/PS films before annealed. 
Ratios of P(S-Cl5) copolymer are (a) 0 wt%, (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, and (e) 

40 wt%.  
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Figure 4.3 AFM topography images of ~5 nm thick P(S-Cl5)/PS films annealed at 120 °C 

for 30 min. Ratios of P(S-Cl5) copolymer are (a) 0 wt%, (b) 10 wt%, (c) 20 wt%, (d) 30 
wt%, and (e) 40 wt%.  
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Figure 4.4 AFM topography images of ~5 nm thick P(S-Cl5)/PS films annealed at 120 °C 
for 2 h. Ratios of P(S-Cl5) copolymer are (a) 0 wt%, (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, 

and (e) 40 wt%.  
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Figure 4.5 AFM topography images of ~5 nm thick P(S-Cl5)/PS films annealed at 120 °C 
for 12 h. Ratios of P(S-Cl5) copolymer are (a) 0 wt%, (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, 

and (e) 40 wt%.  
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Figure 4.6 AFM topography image of~5 nm thick P(S-Cl5)/PS films annealed at 120 °C 

for 36 h. Ratios of P(S-Cl5) copolymer are (a) 0 wt%, (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, 
and (e) 40 wt%. 

 
 

 
 

60

[nm] 

9

[nm] 

26

[nm] 

7

[nm] 

11

[nm] 

(a)

(c) (d)

(b)

(e)

2 µm

60

[nm] 

9

[nm] 

26

[nm] 

7

[nm] 

11

[nm] 

(a)

(c) (d)

(b)

(e)

60

[nm] 

60

[nm] 

9

[nm] 

9

[nm] 

26

[nm] 

26

[nm] 

7

[nm] 

7

[nm] 

11

[nm] 

11

[nm] 

(a)

(c) (d)

(b)

(e)

2 µm2 µm



 
 

60

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 AFM topography image of~5 nm thick P(S-Cl5)/PS films annealed at 120 °C 
for 104 h. Ratios of P(S-Cl5) copolymer are (a) 0 wt%, (b) 10 wt%, (c) 20 wt%, (d) 30 

wt%, and (e) 40 wt%. 
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 The graph between dewetting area versus annealing time of P(S-Cl5)/PS films 
containing ratios of P(S-Cl5) copolymer ranging from 0-40 wt.% annealed at 120 °C are 
shown in Figure 4.8.The dewetting rate of polymeric films relates to the slope of the plot. 
The dewetting rate of thin films with P(S-Cl5) copolymer concentration ranging from 0-40 
wt.% are 1.9, 1.4, 0.17, 0.07 and 0.05 h-1, respectively. It is obvious that the dewetting 
rate systematically decreases upon the addition of P(S-Cl5) copolymer into PS film. The 
dewetting rates of the film containing 30 and 40 wt.% copolymer are almost zero. Figure 
4.9 shows root mean square roughness (rms roughness) versus annealing time of P(S-
Cl5)/PS films containing ratios of P(S-Cl5) copolymer ranging from 0-40 wt.% and 
annealed at 120 °C. The Rms roughness result is in agreement with result of dewetting 
area on polymeric thin films.  
 
 Figure 4.10 illustrates the dewetting area as a function of the P(S-Cl5) copolymer 
concentrations ranging from 0-40 wt.%. To clearly show the result, only plots for 
annealing time of 30 min and 12 h are illustrated. For short annealing time (30 min), the 
dewetting area is less than 4% in all films. Upon increasing the annealing time to 12 h, 
the dewetting area of the pure PS film increase to 16%. The dewetting areas reduce to 
about 14%, 10% and 5% in the blend films containing 10, 20 and 30 wt.% of the P(S-
Cl5) copolymer, respectively. For the film containing 40 wt.% of the copolymer, the 
dewetting area remains at ~1% despite the increase in the annealing time. The 
measurements of Rms roughness as a function of copolymer ratio is in agreement with 
the dewetting area results as shown in Figure 4.11. It can be concluded from the results 
that addition of statistical copolymer containing 5 mol% of ClMS group into the 5 nm 
thick PS films results in significant improvement of film stability. The existence of polar 
ClMS groups provides anchoring sites with polar SiOx/Si substrate while styrene 
segments in the copolymer favorably interact with PS matrix.  
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Figure 4.8 Dewetting area versus annealing time of P(S-Cl5)/PS films annealed at 120 
°C. P(S-Cl5) copolymer concentrations are 0 wt.%, 10 wt.%, 20 wt.%, 30 wt.% and 40 

wt.%. 
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Figure 4.9 Rms roughness versus annealing time of P(S-Cl5)/PS films annealed at 120 
°C. P(S-Cl5) copolymer concentrations are 0 wt.%, 10 wt.%, 20 wt.%, 30 wt.% and 40 

wt.%. 
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Figure 4.10 Dewetting areas of PS films containing various P(S-Cl5) concentrations. 
Films are subjected to 120 °C annealing for 30 min and 12 h. 
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Figure 4.11 Rms roughness of PS films containing various P(S-Cl5) concentrations. Films 
are subjected to 120 °C annealing for 30 min and 12 h. 
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4.2.3 Effects of P(S-Cl20) copolymer 
 

To investigate effects of numbers of ClMS group on dewetting behavior of PS  
thin films, mole ratio of ClMS groups are increased to 20 and 45 mol%. Results for P(S-
Cl20) copolymer addition are shown in this section. Films are prepared using P(S-Cl20) 
copolymer at concentration of 2.5, 5.0, 7.5 and 10 wt.%, which are corresponding to 0.5, 
1.0, 1.5 and 2.0 mol% of ClMS group in the films, respectively. Figure 4.12 - 4.15  
illustrates AFM topography images of ~5 nm thick PS/P(S-Cl20) films annealed at 120 
°C for 30 min, 2 h, 12 h, and 36 h, respectively. For short annealing time (30 min) 
dewetting areas can be observed on pure PS and thin film containing P(S-Cl20) 
copolymer 2.5 wt% (0.5 mol% ClMS group) as shown in Figure 4.12(a) and (b). Thin 
films with higher P(S-Cl20) concentration are continuous and homogeneous. Dewetting 
area of thin films prepared with P(S-Cl20) copolymer concentrations ranging from 0, 2.5, 
5.0, 7.5 and 10 wt.% are around 2.1±0.7, 2.0±0.7, 2.2±0.8, 1.1±0.3 and 1.1±0.2%, 
respectively. The retardation of dewetting dynamic by the addition of P(S-Cl20) 
copolymer is not clear in this condition. Flow dynamics are accelerated by increasing 
annealing time to investigate dewetting process of thin films. When increasing annealing 
time to 2 h, the dewetting area on thin films containing different ratios of P(S-Cl20) 
copolymer can clearly observe in Figure 4.13. Dewetting areas are approximately 
9.8±1.0, 6.8±1.0, 6.5±1.0, 1.8±0.9 and 1.2±0.5% on thin films which contain P(S-Cl20) 
copolymer ratios ranging from 0-10 wt.%, respectively. It is clear that the dewetting 
dynamics slow down significantly when the P(S-Cl20) copolymer is added into the 
polystyrene film. For annealing time of 12 h, dewetting areas are approximately 9.8±1.0, 
6.8±1.0, 6.5±1.0, 1.8±0.9 and 1.2±0.5% on thin films which contain P(S-Cl20) copolymer 
ratios ranging from 0-10 wt.%, respectively. It is obvious that increasing of P(S-Cl20) 
copolymer concentration enhance film stability as shown in Figure 4.14. Figure 4.15 
illustrates the surface morphology of thin films containing different ratios of the 
copolymer. All of the thin films are annealed for 36 h. In the pure PS film, irregular-
shaped holes are observed with nanodroplets inside the holes. The addition of 10 wt% 
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copolymer into PS film hardly affects the dewetting process. It is obvious that the 
addition of P(S-Cl20) copolymer into PS thin films enhance film stability. This result 
shows that dewetting dynamics is retarded by to add a small amount of P(S-Cl20) 
copolymer. We expected that ClMS moiety should anchor on SiOx/Si surface via dipolar 
interactions while styrene segments interact favorably with the polymeric matrix 
 
 The effects of P(S-Cl20) copolymers on the stability of PS films are summarized 
in Figure 4.16. The degree of dewetting inhibition in each system can be extracted from 
the plots between dewetting area versus concentration of the copolymers as shown in 
Figure. 4.16(a). In all annealing conditions, the dewetting area is found to systematically 
decrease with increasing concentration of the copolymers. The trend is most obvious 
when the annealing time is increased to 36 h. The dewetting area of pure PS film 
reaches about 60 % at this annealing condition while dewetting area of the film 
containing 10 wt.% of P(S-Cl20) (2 mol% of ClMS group) is about 15 %. The dewetting 
rate of each film relates to slope of the plot between dewetting areas versus annealing 
time as shown in Figure. 4.16(b). The plots clearly show that the dewetting rate 
systematically decreases with increasing concentrations of P(S-Cl20) copolymer in PS 
films. These results indicate that the addition of P(S-Cl20) copolymers into 5 nm thick PS 
film leads to a significant increase of its thermal stability. These copolymers are 
expected to anchor on SiOx/Si substrate via dipolar interaction of ClMS groups while 
styrene segment provides favorable interactions with PS matrix. The effect of these 
copolymers on stability of PS film is similar to that of the P(S-Cl5). However, the 
efficiency of each copolymer as a dewetting inhibitor depends significantly on mole ratio 
of ClMS group within the copolymers as will be discussed in the following section. 
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Figure 4.12 AFM topography image of~5 nm thick P(S-Cl20)/PS films annealed at 120 
°C for 30 min. P(S-Cl20) copolymer concentrations are (a) 0 wt%, (b) 2.5 wt%, (c) 5.0 

wt%, (d) 7.5 wt%, and 10.0 wt%. 
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Figure 4.13 AFM topography image of~5 nm thick P(S-Cl20)/PS films annealed at 120 
°C for 2 h. P(S-Cl20) copolymer concentrations are (a) 0 wt%, (b) 2.5 wt%, (c) 5.0 wt%, 

(d) 7.5 wt%, and 10.0 wt%. 
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Figure 4.14 AFM topography image of~5 nm thick P(S-Cl20)/PS films annealed at 120 
°C for 12 h. P(S-Cl20) copolymer concentrations are (a) 0 wt%, (b) 2.5 wt%, (c) 5.0 wt%, 

(d) 7.5 wt%, and 10.0 wt%. 
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Figure 4.15 AFM topography image of~5 nm thick P(S-Cl20)/PS films annealed at 120 
°C for 36 h. P(S-Cl20) copolymer concentrations are (a) 0 wt%, (b) 2.5 wt%, (c) 5.0 wt%, 

(d) 7.5 wt%, and 10.0 wt%. 
 
 
 
 

45

[nm] 

19

[nm] 

27

[nm] 

7

[nm] 

9

[nm] 

2 µm

(a)

(c) (d)

(b)

(e)

45

[nm] 

45

[nm] 

19

[nm] 

19

[nm] 

27

[nm] 

27

[nm] 

7

[nm] 

7

[nm] 

9

[nm] 

9

[nm] 

2 µm2 µm

(a)

(c) (d)

(b)

(e)



 
 

70

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16 (a) dewetting area versus copolymer concentrations of ~5 nm thick PS and 
P(S-Cl20)/PS films.  The films are annealed at 120 °C for 30 min, 2 h, 12 h and 36 h. and 
(b) dewetting area versus annealing times of the films containing different 
concentrations of P(S-Cl20) 
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4.2.4 Effects of P(S-Cl45) copolymer 
 

Figure 4.17- 4.20  illustrate AFM topography images of ~5 nm thick P(S-Cl45)/PS 
films annealed at 120 °C for 30 min, 2 h, 12 h, and 36 h, respectively. Films are 
prepared with 0, 1, 2, 3 and 4 wt% P(S-Cl45) copolymer, corresponding to 0, 0.5, 1.0, 
1.5 and 2.0 mol% of ClMS group. For short annealing time (30 min and 2 h), dewetting 
areas can only observe on thin film containing of P(S-Cl45) copolymer 1 wt% and pure 
PS thin film. For film annealed at 30 min, the dewetting area of thin films containing P(S-
Cl45) copolymer ranging from 0, 1, 2, 3 and 4 wt.% are around 3.9±1.0, 0.7±0.2, 
0.7±0.2, 0.4±0.2 and 0.6±0.2%, respectively. We have found that the dewetting areas of 
all films are similar for short annealing time. This result is in agreement with P(S-Cl5)/PS 
and P(S-Cl20)/PS thin film. For P(S-Cl45)/PS thin films annealed for 2 h (Figure 4.18), the 
dewetting area increase to 4.1±1.0, 1.3±0.2, 1.4±0.4, 0.9±0.3 and 0.9±0.2% on thin film 
containing P(S-Cl45) copolymer ranging from 0-4 wt.%, respectively. When increasing 
annealing time to 12 h, the dewetting area on thin films containing different ratios of P(S-
Cl45) copolymer can be clearly observed in Figure 4.19. Dewetting areas are 
approximately 9.8±1.0, 1.6±0.7, 1.6±0.6, 1.0±0.2 and 0.8±0.2% on thin films which 
contain P(S-Cl45) copolymer ratios ranging from 0-4 wt.%, respectively. Figure 4.20 
illustrates the surface morphology of the thin films annealed for 36 h. The addition of 3 
and 4 wt% P(S-Cl45) copolymer into PS film suppresses dewetting process, resulting in 
highly stable films. It is obvious that adding P(S-Cl45) copolymer into PS thin films 
enhance film stability. This result shows that dewetting dynamics is retarded by adding 
a small amount of P(S-Cl45) copolymer. Dewetting dynamics can be significantly 
delayed with P(S-Cl45) copolymer at concentration in polymeric films higher than 2 
wt.%, which corresponds to the existence of higher than 1 mol% of ClMS group in the 
system.   
 

The effects of P(S-Cl45) copolymers on the stability of PS films are summarized 
in Figure 4.21. The degree of dewetting inhibition in each system can be extracted from 
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the plots between dewetting area versus concentration of the copolymers as shown in 
Figure. 4.21(a). In all annealing conditions, the dewetting area is found to systematically 
decrease with increasing concentration of the copolymers. The trend is the most 
obvious when the annealing time is increased to 36 h. For the P(S-Cl45)/PS film of PS 
with 4 wt.% of copolymer, the dewetting area is only 2 %. The dewetting rate of each film 
relates to slope of the plot between dewetting area versus annealing time as shown in 
Figure. 4.21(b). The plot clearly shows that the dewetting rate systematically decreases 
with increasing concentrations of P(S-Cl45) copolymer in PS films. The dewetting rate of 
PS film containing 4 wt.% of P(S-Cl45) is close to zero. These results indicate that the 
addition of and P(S-Cl45) copolymers into 5 nm thick PS film leads to significant 
increase of its thermal stability. The effect of these copolymers on stability of PS film is 
similar to P(S-Cl5) and P(S-Cl20) copolymers. However, the efficiency of each 
copolymer as a dewetting inhibitor depends significantly on mole ratios of ClMS group 
within the copolymers as will be discussed in the following section. 
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Figure 4.17. AFM topography image of~5 nm thick P(S-Cl45)/PS films annealed at 120 
°C for 30 min. P(S-Cl45) copolymer concentrations are (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, 

(d) 3 wt%, and (e) 4 wt%. 
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Figure 4.18 AFM topography image of~5 nm thick P(S-Cl45)/PS films annealed at 120 
°C for 2 h. P(S-Cl45) copolymer concentrations are (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d) 

3 wt%, and (e) 4 wt%. 
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Figure 4.19 AFM topography image of~5 nm thick P(S-Cl45)/PS films annealed at 120 
°C for 12 h. P(S-Cl45) copolymer concentration are (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d) 

3 wt%, and (e) 4 wt%. 
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Figure 4.20 AFM topography image of~5 nm thick P(S-Cl45)/PS films annealed at 120 
°C for 36 h. P(S-Cl45) copolymer concentrations are (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d) 

3 wt%, and (e) 4 wt%. 
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Figure 4.21 (a) dewetting area versus copolymer concentrations of ~5 nm thick PS and 
P(S-Cl45)/PS films.  The films are annealed at 120 °C for 30 min, 2 h, 12 h and 36 h. and 
(b) dewetting area versus annealing times of the films containing different 
concentrations of P(S-Cl45) 
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4.3. Effects of ClMS mole ratio in copolymers on film stability 
 

In this study, we compare the efficiency of copolymers P(S-Cl5), (P(S-Cl20) and 
P(S-Cl45)) as dewetting inhibitors for PS thin film. For the copolymer with higher mole 
ratio of polar ClMS groups, one expects stronger interfacial interactions with polar 
SiOx/Si substrate, which should result in the increase of film stability. Figure 4.22 
illustrates AFM topography images of ~5 nm thick P(S-Cl5)/PS, P(S-Cl20)/PS and P(S-
Cl45)/PS films annealed at 120 °C for 36 h. At this annealing condition, the dewetting of 
pure PS already reaches final stage where the continuous film disintegrates into large 
droplets (Figure. 4.22(a,f,k)). We observe that the addition of P(S-Cl5) copolymer 
containing 5 mol% of ClMS group into the 5 nm thick PS films lead to significant increase 
of their stability [41].  

 
 The addition of P(S-Cl20) into PS films also causes significant suppression of 

their dewetting dynamics. The PS films containing 0.5 and 1.0 mol% of P(S-Cl20) exhibit 
a structure of interconnected ridges and domains (Figure. 4.22(g,h)), corresponding to 
an intermediate stage of the dewetting. The increase of P(S-Cl20) concentration to 1.5 
and 2.0 mol% further slows down the dewetting rate. Only some irregular holes are 
detected in these films, indicating an early stage of the dewetting. The depth of these 
holes is about 5.5±0.8 nm. The investigation of P(S-Cl45)/PS films provides similar 
results. The AFM topography images in Figure. 4.22(k-o) clearly show that the addition 
of small quantity of P(S-Cl45) into PS films leads to significant decrease of the dewetting 
rate. The AFM topography image of PS film containing 0.5 mol% of the P(S-Cl45) 
corresponds to an intermediate stage of the dewetting (Figure. 4.22(l)). The increase of 
P(S-Cl45) concentration to 1.0, 1.5 and 2.0 mol% results in systematically decrease of 
number and dimension of holes within the films. The PS film with 2.0 mol%  of P(S-Cl45) 
contains only small number of holes.  
 Figure 4.23 illustrates AFM topography images of pure PS, P(S-Cl5)/PS, P(S-
Cl20)/PS and P(S-Cl45)/PS films annealed at 120 °C for 2, 12 and 36 h. The 
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concentration of P(S-Cl5), P(S-Cl20) and P(S-Cl45) in the films is 40, 10 and 4 wt.%, 
respectively, corresponding to the presence of ~2.0 mol% of ClMS group. At annealing 
time of 12 h, relatively large holes are formed in pure PS film while the P(S-Cl5)/PS film 
contains some small holes. The P(S-Cl20)/PS and P(S-Cl45)/PS films remain continuous. 
The discrepancy of film morphologies is clearly visible when the annealing time is further 
increased to 36 h. Total dewetting of pure PS film occurs at this annealing condition 
while the holes in (S-Cl5)/PS films significantly expands but remains connected. Only 
some small number of holes is observed in the P(S-Cl20)/PS and P(S-Cl45)/PS films. 
This result indicates that the efficiency of the copolymers as dewetting inhibitors varies 
with mole ratio of ClMS groups in the backbone. The copolymer with higher mole ratio of 
ClMS groups appears to be a better dewetting inhibitor. 
 
 To compare the efficiency of each copolymer in more details, dewetting area of 
the blended films annealed for 30 min, 2 h and 36 h is plotted versus the ClMS mole 
ratio in the copolymers as shown in Figure. 4.24. For the blended films containing 1.5 
mol% of ClMS group, the dewetting area systematically decreases with increasing ClMS 
mole ratio in the copolymers (Figure. 4.24(a)).  For the blended films containing 2.0 
mol% of ClMS group, the discrepancy is only observed when the annealing time is 
increased to 36 h.  The dewetting area of P(S-Cl5)/PS and P(S-Cl20)/PS films is ~14 % 
while that of the P(S-Cl45)/PS is only ~3 % (Figure. 4.24(b)). This observation indicates 
that the increase of polar ClMS group in the polymeric backbone leads to the increase 
of its efficiency as dewetting inhibitor. It requires much lesser amount of P(S-Cl45) to 
suppress the dewetting of PS film compared to the P(S-Cl20) and P(S-Cl5), respectively. 
This fundamental knowledge is important for designing the materials for using in the 
coating application. 
 

The rationalization of this result is as follows. It has been known that slight 
difference of surface energy of segments within polymeric backbone can lead to 
significant segregation at interfaces [43] The ClMS segments with higher surface energy 
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are expected to segregate to SiOx/Si substrate while the styrene segments favorably 
interact with PS matrix. We suggest that the extent of interfacial segregation of the 
copolymers to SiOx/Si substrate increases with mole ratio of ClMS group within the 
backbone. Increasing mole ratio of ClMS group in copolymer reduces  displacement 
between ClMS group and enhance strong dipolar force between polymeric thin films 
and substrate. Therefore, P(S-Cl45) chains are expected to mostly reside near the 
substrate while some of P(S-Cl5) chains may remain within PS matrix as illustrated in 
Figure. 4.25. In addition, the strength of dipolar interaction between the copolymers and 
SiOx/Si substrate is expected to be highest in the system of P(S-Cl45) due to the 
presence of the highest numbers of anchoring sites.  
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Figure 4.22 AFM topography images of P(S-Cl5)/PS (a-e), P(S-Cl20)/PS (f-j) and P(S-
Cl45)/PS (k-o) ~5 nm thick films annealed at 120 °C for 36 h. Ratios of ClMS group 
within the films are 0, 0.5, 1.0, 1.5 and 2.0 mol%. Scan size is 8×8 µm2.  
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Figure. 4.23 AFM topography images of pure PS, P(S-Cl5)/PS, P(S-Cl20)/PS and P(S-
Cl45)/PS ~5 nm thick films annealed at 120 °C for 2 h, 12 h and 36 h. All P(S-Clx)/PS 
films contain 2.0 mol% of ClMS group. Scan size is 3×3 µm2. 
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Figure. 4.24 Plots of dewetting area versus ratios of ClMS group in the copolymers. All 
P(S-Cl5)/PS, P(S-Cl20)/PS and P(S-Cl45)/PS films contain (a) 1.5 mol% and (b) 2.0 mol% 
of ClMS group. The films were annealed at 120 °C for 30 min, 12 h and 36 h. 
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Figure 4.25 Illustration for interaction of the P(S-Cl5), P(S-Cl20) and P(S-Cl45) 
copolymers with SiOx/Si surface. The segregation of P(S-Cl45) chains to polar SiOx/Si is 
expected to be highest (see text). 
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4.4. Effects of P(S-Clx)/PS film thickness  
 
 Thin films of pure PS, P(S-Cl5)/PS, P(S-Cl20)/PS and P(S-Cl45)/PS with 
thicknesses of 5, 11 and 17 nm are fabricated. Film thickness is controlled by varying 
polymer concentrations while the spinning rate is kept constant. The annealing 
temperature for the 5 nm thick films is 120 °C. Dewetting rate of the thicker films is 
rather slow at this condition. Therefore, the annealing temperature for the 11 and 17 nm 
thick films is increased to 165 °C. The evolution of film morphology at different length 
scales is followed by utilizing AFM and optical microscopy (OM). 
 

The AFM topography images of pure PS and P(S-Cl5)/PS films annealed for 36 h 
are illustrated in Figure. 4.26. The dewetting of pure PS films reaches final state at this 
annealing condition where hemispherical droplets of the polymer are observed. The 
dimension and number of the droplets vary with the film thickness. The addition of P(S-
Cl5) copolymer into 5 nm thick PS films results in the increase of film stability. The 
dewetting area systematically decreases with increasing concentration of P(S-Cl5). The 
investigation of 11 nm thick P(S-Cl5)/PS films shows similar results (Figure. 4.26(f-j)). The 
film containing 40 wt.% of P(S-Cl5) is still smooth after annealing at 165 °C for 36 h 
(Figure. 4.26(j)). The dewetting behaviors of 17 nm thick P(S-Cl5)/PS films are rather 
different. The increase of film stability is observed when the concentration of the added 
P(S-Cl5) is 10 and 20 wt.%. Further increasing amount of the copolymer to 30 and 40 
wt.% leads to the opposite results. The AFM images in Figure. 4.26 (n,o) reveal large 
holes within the films. The large scale OM images provide consistent results. This 
observation indicates that the presence of relatively high amount of P(S-Cl5) within the 
17 nm thick film causes the instability. 
 

The effects of P(S-Cl5) on the stability of films with different thicknesses are 
summarized in Figure. 4.27. The plots of dewetting area versus annealing time show the 
increase of dewetting rate of the 17 nm thick films upon increasing P(S-Cl5) 
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concentration from 20 to 40 wt.% (Figure. 4.27(a)). The dewetting rates of films      
contain 40 wt.% of P(S-Cl5) at different thicknesses are compared in Figure. 4.27(b). It is 
obvious that the dewetting rate of the 5 and 11 nm thick films is much slower than that of 
the 17 nm thick film. Figure. 4.27(c) plots the dewetting area of the films annealed for 36 
h as a function of P(S-Cl5) concentration. For the 5 nm and 11 nm thick films, the film 
stability systematically increases with concentration of the copolymer. For the 17 nm 
thick films, the improvement of film stability is observed when the P(S-Cl5) concentration 
is 10 and 20 wt.%. The dewetting of films containing higher amount of the copolymer is 
comparable to that of pure PS film. This result indicates that the effectiveness of P(S-Cl5) 
as a dewetting inhibitor depends on film thickness and copolymer concentration. We 
suggest that this behavior arises from the interfacial segregation of the copolymer. For 
the relatively thin films (5 and 11 nm), the polar ClMS groups of the P(S-Cl5) can 
effectively segregate to SiOx/Si surface (Figure. 4.28). The dipolar interaction of ClMS 
group with the substrate provides anchoring sites for the copolymer. For the thicker films 
(17 nm), some fraction of ClMS groups may remain within the PS matrix. This group is 
incompatible with PS matrix due to its higher polarity. Therefore, the free ClMS groups 
behave as nucleation sites for phase separation, which leads to the instability. 
 
 The investigation of P(S-Cl20)/PS and P(S-Cl45)/PS systems shows the opposite 
results. Figure 4.29 compares OM images of the 17 nm thick films of P(S-Cl5)/PS, P(S-
Cl20)/PS and P(S-Cl45)/PS annealed at 165 °C for 36 h. It is clear that the stability of 
P(S-Cl20)/PS and P(S-Cl45)/PS films increases with concentration of the copolymers. 
The dewetting rates of the films containing 2 mol% of ClMS group are illustrated in 
Figure. 4.30(a). The dewetting rate of P(S-Cl20)/PS and P(S-Cl45)/PS systems is very low 
compared to that of P(S-Cl5)/PS. Figure. 4.30(b) also shows that the dewetting area 
systematically decrease with concentration of P(S-Cl20) and P(S-Cl45) copolymers. We 
believe that the extent of the copolymer segregation to polar SiOx/Si surface increases 
with concentration of polar ClMS group along the polymeric backbone. Therefore, the 
copolymers with high mole ratio of ClMS group are expected to mostly populate at 
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SiOx/Si surface, which in turn enhances the interfacial interactions between PS matrix 
and the solid substrate as shown in Figure 4.30(c-e). This observation is consistent with 
the result in section 4.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. 4.26 AFM topography images of ~5, ~11 and ~17 nm thick P(S-Cl5)/PS films. 
Scan size is 8×8 µm2. Ratios of P(S-Cl5) are 0, 10, 20, 30 and 40 wt.%. The 5 nm thick 
films are annealed at 120 °C while annealing temperature of the thicker films is 165 °C. 
The annealing time is 36 h.   
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Figure. 4.27 (a) Plots of dewetting area versus annealing time of 17 nm thick P(S-Cl5)/PS 
films containing 20, 30 and 40 wt.% of the copolymer. (b) Plots of dewetting area versus 
annealing time of 5, 11 and 17 nm thick P(S-Cl5)/PS films containing 40 wt.% of the 
copolymer. (c) Plots of dewetting area versus concentration of P(S-Cl5) within the films. 
The films were annealed at 120 °C (5 nm) and 165 °C (11 nm and 17 nm) for 36 h. 
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Figure. 4.28 Illustration for interaction of the P(S-Cl5) copolymer with SiOx/Si surface in 
the films with different thicknesses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. 4.29 Optical microscope images of 17 nm thick P(S-Cl5)/PS, P(S-Cl20)/PS and 
P(S-Cl45)/PS films annealed at 165 °C for 36 h. Size of image is 80 × 80 µm2. 
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Figure 4.30 (a) Plots of dewetting area versus annealing time of 17 nm thick P(S-Cl5)/PS, 
P(S-Cl20)/PS and P(S-Cl45)/PS films containing 2.0 mol% of ClMS group. (b) Plots of 
dewetting area versus ratio of ClMS group within the 17 nm thick P(S-Cl5)/PS, P(S-
Cl20)/PS and P(S-Cl45)/PS films. The films are annealed at 165 °C for 36 h. (c), (d) and 
(e) illustration for interaction of the P(S-Cl5), P(S-Cl20) and P(S-Cl45) copolymer with 
SiOx/SI surface in the 17 nm thick film. 
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4.5. Effects of Fe3O4 nanoparticle ratio on film stability 
 

In this part, Fe3O4 nanoparticles are introduced as a dewetting inhibitor for PS films of 
thickness 5, 17 and 38 nm. Fe3O4 nanoparticles are used at concentrations of 0.005, 
0.01, 0.02 and 0.03 wt%. All films are annealed at 165 °C for 20, 30 and 60 min. Optical 
images of pure PS and Fe3O4/PS thin films (~17 nm thick) annealed at 165 °C for 20, 40 
and 60 min are shown in Figure 4.31(a-f). The result shows that total dewetting of PS film 
occurred at this annealing condition (Figure 4.31(a-c)).  When small amount of Fe3O4 
nanoparticle are added into PS film, dewetting dynamics are significantly reduced. As 
shown in Figure 4.31(d-f), the dewetting area of film (~17 nm) containing 0.01 wt% of 
Fe3O4 nanoparticles are much smaller compared to that of the pure PS film.  The 
dewetting area of annealed pure PS film at 165 °C for 20 min is around 92±1%. When  
Fe3O4 nanoparticles are added into system, the dewetting area of annealed PS film 
containing 0.01 wt.% Fe3O4 nanoparticles, annealed  at 165 °C for 20, 40 and 60 min, 
are around 17±2%, 17±1% and 42±5%, respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.31 OM images of 17 nm thick (a-c) pure PS film (d-f) PS film containing 0.01 
wt.% of Fe3O4 nanoparticles. The films are annealed at 165 °C for 20, 40 and 60 min. 
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4.5.1 Effects of Fe3O4 nanoparticle ratios on stability of ~17 nm thick Fe3O4/PS 
films 

 
Figures 4.32-4.34 show OM image of ~17 nm thick Fe3O4/PS films containing 

Fe3O4 nanoparticles range from 0-0.03 wt%. Films are annealed at 165 °C for 20, 40 and 
60 min, respectively. It is clear that the dewetting dynamics slow down significantly 
when the small amounts of Fe3O4 nanoparticles are added into the PS thin film. Figure 
4.32 illustrates the surface morphology of thin films annealed for 20 min. In the pure PS 
film, film droplets are observed and dewetting area is around 92%. Addition of Fe3O4 
nanoparticles results in dewetting suppression. At this annealing condition, the 
dewetting area detected in the film containing 0.005-0.03 wt% of the Fe3O4 are 32±5, 
17±2, 11±2 and 7±2%, respectively. For short annealing time, it is clear that the stability 
of PS thin film systematically increases with ratios of the Fe3O4 nanoparticles. When the 
annealing times are increased to 40 min. Pure PS film already breaks up into droplets 
while the film containing 0.005 wt% of the Fe3O4 nanoparticle partially dewets the 
substrate as shown in Figure 4.33(a) and 4.33(b), respectively. Although the holes 
slightly expand in the films containing 0.01 wt.% of the Fe3O4 nanoparticle as shown in 
Figure 4.33(c), the films are stable at this annealing condition. For thin films containing 
0.02 to 0.03 wt%, we have found that the dewetting areas enhance significantly on 
polymeric thin films, which are around 40%. 
 

The dewetting behaviors of 17 nm thick Fe3O4/PS films are rather different for 
annealing time of 60 min. As shown in Figure 4.34, the increase of film stability is 
observed when the concentration of Fe3O4 is upto 0.01 wt.%. Further increasing the 
amount of the Fe3O4 nanoparticle to 0.02 and 0.03 wt.% leads to the opposite results. 
The OM images in Figure. 4.34 (d) reveal intermediate dewetting stage and Figure. 4.34 
(e) shows total dewetting within the films. The dewetting area of thin film containing 
Fe3O4 nanoparticles range from 0-0.03 wt% are around 93, 86, 42, 84 and 82%, 
respectively. This observation indicates that the presence of relatively high amount of 
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Fe3O4 within the 17 nm thick film causes the instability. We suggest that increasing film 
stability by the addition of Fe3O4 nanoparticles at 0.05-0.01 wt% is the result of pining 
effect on polymeric thin films. On the other hand, increasing concentrations of Fe3O4 
nanoparticles to 0.02 and 0.03 wt% causes nanoparticle aggregation and leads to 
dewetting dynamics. 
 

Figure 4.35 shows the dewetting areas of 17 nm thick pure PS and Fe3O4/PS thin 
films as a function of annealing time. The dewetting rates of the thin films relate to the 
slopes of plots between the dewetting area and the annealing time. Thus, it is clear that 
the dewetting rate significantly decreases upon the addition of small amount of Fe3O4 
nanoparticles into PS thin film. For short annealing time (20 min.), the dewetting area of 
Fe3O4/PS thin film is about 20 % while the dewetting area of pure PS film already 
reaches 90 %.   

 
We also observed that the increase of Fe3O4 nanoparticles concentrations 

affected the stability of thin films. The dewetting behaviors of PS/Fe3O4 thin films with 
various Fe3O4 concentrations ranging from 0.005, 0.01, 0.02 and 0.03 wt%, were 
investigated. Figure 4.36 illustrates OM images of the thin films annealed at 165 °C for 
20, 40 and 60 min. For relatively short annealing time (20 min.), the dewetting areas 
systematically decrease with increasing ratio of Fe3O4 nanoparticles in thin films. The 
dewetting area of thin films containing 0.01, 0.02 and 0.03 wt% of Fe3O4 nanoparticles 
are about 18, 12 and 9%, respectively (Figure 4.37).  When the annealing time is further 
increased to 40 and 60 min., the film containing 0.01 wt% of Fe3O4 nanoparticles 
exhibits the highest stability compared to other Fe3O4/PS thin films. Increasing the 
concentration of Fe3O4 nanoparticles to 0.02 and 0.03 wt.% does not result in a 
systematic increase of film stability (Figure 4.37). Therefore, the concentration is crucial 
in controlling the stability of polymeric thin films. 
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Figure 4.32 OM images of ~17 nm thick Fe3O4/PS films annealed at 165 °C for 20 min. 
Ratios of Fe3O4 nanoparticles are (a) 0 wt%, (b) 0.005 wt%, (c) 0.01 wt%, (d) 0.02 wt%, 

and (e) 0.03 wt%.  
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Figure 4.33 OM images of ~17 nm thick Fe3O4/PS films annealed at 165 °C for 40 min. 
Ratios of Fe3O4 nanoparticles are (a) 0 wt%, (b) 0.005 wt%, (c) 0.01 wt%, (d) 0.02 wt%, 
and (e) 0.03 wt%.  
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Figure 4.34 OM images of ~17 nm thick Fe3O4/PS films annealed at 165 °C for 60 min. 
Ratios of Fe3O4 nanoparticles are (a) 0 wt%, (b) 0.005 wt%, (c) 0.01 wt%, (d) 0.02 wt%, 

and (e) 0.03 wt%.  
 
 
 
 

(e)

(d)(c)

(b)(a)

(e)

(d)(c)

(b)(a)



 
 

97

0

20

40

60

80

100

0 20 40 60
Annealing time (min)

D
ew

et
tin

g 
ar

ea
(%

)
purePS
0.01

Fe3O4 concentration(wt.%)

 
Figure 4.35 Dewetting area versus annealing time of 17 nm thick pure PS and Fe3O4 /PS 
(0.01/99.99 w/w) thin films annealed at 165 °C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.36 OM images of Fe3O4/PS thin films (~17 nm) containing different Fe3O4 
nanoparticle concentration varying from 0 to 0.03 wt% in thin film annealed at 165 °C for 
20, 40 and 60 min. 
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Figure 4.37 Dewetting area of Fe3O4/PS thin films (~17 nm) versus Fe3O4 concentration. 
The films were annealed at 165 oC for 20, 40 and 60 min. 
 

4.5.2 Effects of Fe3O4 nanoparticle ratios on stability of ~38 nm thick Fe3O4/PS 
films 
 

 Figure 4.38-4.40 show OM images of ~38 nm thick Fe3O4/PS films containing 
Fe3O4 nanoparticles range from 0-0.03 wt.%, which are annealed at 180 °C for 20, 40 
and 60 min, respectively. The results of dewetting behavior in this condition are in 
agreement with ~17 nm thick Fe3O4/PS films. For short annealing time (20 min), the 
dewetting area of thin films containing Fe3O4 nanoparticles range from 0-0.03 wt% are 
aroud 36±4%, 27±4%, 11±2%, 19±5% and 23±5%, respectively, as shown in Figure 
4.38. When increasing annealing time to 40 min, the dewetting area of thin films 
containing Fe3O4 nanoparticles range from 0-0.03 wt% are aroud 89±2%, 56±5%, 
32±4%, 26±5% and 49±5%, respectively (Figure 4.39). Figure 4.40 shows OM images of 
thin films annealing for 60 min, the dewetting area of thin films containing Fe3O4 
nanoparticle range from 0-0.03 wt% are aroud 91±1%, 71±2%, 45±5%, 29±4% and 
52±5%, respectively. Figure 4.41 shows the dewetting area of 38 nm thick pure PS and 
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Fe3O4/PS thin film containing 0.02 wt.% of Fe3O4 nanoparticles as a function of annealing 
time. The dewetting rates of the thin films relate to the slopes of the plots. It is clear that 
the dewetting rate significantly decreases upon the addition of small amount of Fe3O4 
nanoparticles into PS thin film. The dewetting area of Fe3O4/PS thin film is much smaller 
compared with that of pure PS thin film.  
 

Effects of Fe3O4 nanoparticles on stability of ~38 nm films are concluded in 
Figure 4.42 and 4.43. For relatively short annealing time (20 min.), the dewetting areas 
decrease with increasing ratio of Fe3O4 nanoparticles in thin films. At this annealing 
condition, the dewetting area of thin films containing 0.005-0.03 wt% of Fe3O4 
nanoparticle are less than 20%.  When the annealing time is increased to 40 and 60 
min., the film containing 0.02 wt% of Fe3O4 nanoparticle exhibits the highest stability 
compared to other Fe3O4/PS thin films. However, the increase of Fe3O4 nanoparticles 
concentration to 0.03 wt% decreases the film stability. The results suggest that high 
concentration of Fe3O4 causes nanoparticles aggregation, which leads to film instability. 
Therefore, the concentration is crucial for controlling the stability of polymeric thin film. 
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Figure 4.38 OM images of ~38 nm thick Fe3O4/PS films annealed at 180 °C for 20 min. 
Ratios of Fe3O4 nanoparticles are (a) 0 wt%, (b) 0.005 wt%, (c) 0.01 wt%, (d) 0.02 wt%, 

and (e) 0.03 wt%.  
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Figure 4.39 OM images of ~38 nm thick Fe3O4/PS films annealed at 180 °C for 40 min. 
Ratios of Fe3O4 nanoparticles are (a) 0 wt%, (b) 0.005 wt%, (c) 0.01 wt%, (d) 0.02 wt%, 

and (e) 0.03 wt%.  
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Figure 4.40 OM images of ~38 nm thick Fe3O4/PS films annealed at 180 °C for 60 min. 
Ratios of Fe3O4 nanoparticles are (a) 0 wt%, (b) 0.005 wt%, (c) 0.01 wt%, (d) 0.02 wt%, 

and (e) 0.03 wt%.  
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Figure 4.41 Dewetting area versus annealing time of 38 nm thick pure PS and Fe3O4/PS 
(0.02 /99.98w/w) thin films annealed at 180 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.42 OM images of Fe3O4/PS thin films (~38 nm) containing different Fe3O4 
nanoparticles concentrations varying from 0 to 0.03 wt% annealed at 180 °C for 20, 40 
and 60 min. 

Pure PS 0.010.005 0.02 0.03

20
60

40

A
nn

ea
lin

g 
tim

e 
(m

in
)

Fe3O4 concentration (wt.%)

(a) (e)(d)(c)(b)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

Pure PS 0.010.005 0.02 0.03

20
60

40

A
nn

ea
lin

g 
tim

e 
(m

in
)

Fe3O4 concentration (wt.%)

(a) (e)(d)(c)(b)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)



 
 
104

0
10
20
30
40
50
60
70
80
90

100

0 0.01 0.02 0.03
Fe3O4 nanoparticle(wt.%)

D
ew

et
tin

g 
ar

ea
(%

) 20 min
40 min
60 min

Annealing time 

 
 
Figure 4.43 Dewetting area of Fe3O4/PS nanoparticle thin films (~38 nm) versus Fe3O4 
nanoparticle concentration. The films were annealed at 165 °C for 20, 40 and 60 min. 
 
4.6. Effects of Fe3O4/PS  film thickness  
 

Thin films of pure PS and Fe3O4/PS with thicknesses of 5, 17 and 38 nm are 
fabricated. The annealing temperature is 120 °C for the 5 nm thick films, 165°C  for the 
17 nm thick films and 180 °C for the 38 nm thick films.  The evolution of film morphology 
at different length scales is followed by utilizing optical microscopy (OM). The OM 
images of 5 nm thick Fe3O4/PS films annealed for 20 min are illustrated in Figure. 4.44. 
This result shows that pure PS thin film is smooth and homogeneous.  On the other 
hand, the dewetting of films containing Fe3O4 nanoparticles range from 0.005-0.03 wt% 
reaches final state, where hemispherical droplets of the polymer are observed at this 
condition. Therefore, the addition of Fe3O4 nanoparticles into 5 nm thick PS films results 
in the decrease of film stability and accelerates dewetting dynamics on thin film as 
shown in Figure 4.44. This is due to the size of Fe3O4 nanoparticles, ~9 nm, which is 
larger than the film thickness. Thus, Fe3O4 nanoparticles act as impurities which  
accelerates dewetting dynamics on thin film.   
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For 17 nm thick Fe3O4/PS films, annealing at 165 °C for 20 min, films are smooth 
and continuous. The annealing time is increased to 60 min to study the dewetting 
process and the result is shown in Figure 4.44. With addition of Fe3O4 at 0.01 wt%, 
stability of Fe3O4/PS films increase via a result of pining as shown in Figure 4.46. 
However, further increasing amount of the Fe3O4 nanoparticles to 0.02 and 0.03 wt.% 
leads to the opposite results. The OM images in fFigure 4.44 reveal large holes within 
the films. This observation indicates that the presence of >0.01 wt% Fe3O4 nanoparticles 
within the 17 nm thick film causes the instability.  

 
When increasing film thickness to 38 nm, results are similar to those of 17 nm 

thick Fe3O4/PS films. For short annealing time (20 min), the addition of Fe3O4 
nanoparticles slightly reduce the dewetting dynamics. The dewetting area of pure PS is 
about 36% and thin film containing Fe3O4 nanoparticles ranging from 0.005-0.03 wt.%  
are around 27, 11, 20 and 23%, respectively. For annealing time of 60 min, increasing 
ratios of Fe3O4 nanoparticles to 0.02 wt% suppress the dewetting dynamics as shown in 
Figure 4.44. However, the film stability decreases with addition of 0.03 wt% Fe3O4 
nanoparticles.  
 

The dewetting dynamics of films with different thicknesses are compared in 
Figure 4.45. It is obvious that the dewetting rates of the 17 nm and 38 nm thick films are 
much slower than that of the 5 nm thick films. For film thickness of 5 nm, the addition of 
Fe3O4 nanoparticles leads to dewetting because the size of Fe3O4 particles is larger than 
the film thickness. Therefore,  Fe3O4 nanoparticles are the origin of the dewetting 
process. For film thickness of 17 nm, the addition of Fe3O4 nanoparticles at 0.01 wt% 
increase film stability. However, increasing Fe3O4 nanoparticles concentration to 0.02 
and 0.03 wt% leads to completely dewetting on thin film with dewetting areas of more 
than 80%. For 38 nm thick films, the results are similar with 17 nm thick films in which 
0.03 wt% of Fe3O4 nanoparticles cause a decreasing in film stability.The dewetting area 
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of 38 nm  films containing 0-0.03 wt%  Fe3O4 nanoparticles are around 90, 70, 45, 30 
and 5, respectively. 

 
This result indicates that the effectiveness of Fe3O4 as a dewetting inhibitor 

depends on film thickness and Fe3O4 nanoparticles concentration. When the film 
thickness is less than the size of the nanoparticle additives (5 nm thick films), the 
nanoparticles act as impurities, which are the origin of dewetting. For 17 and 38 nm 
thick films, addition of Fe3O4 nanoparticles at optimum amounts improves film stability 
due to pinning effect of the Fe3O4 nanoparticles that can effectively segregate to SiOx/Si 
surface. However, if the concentration of Fe3O4 nanoparticles is too high, particle 
agglomeration can occur, which leads to dewetting of the thin films as shown in Figure 
4.47. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.44 OM images of ~5, 17 and 38 nm thick Fe3O4/PS films with 0-0.03 wt% 
nanoparticles annealed at 120, 165 and 180°C, respectively.  
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Figure 4.45 Dewetting area versus the Fe3O4 nanoparticle concentration of ~5, 17 and 
38 nm thick Fe3O4/PS films annealed for 60 min. 

 
 
 
 
 
Figure 4.46 Illustration for result of pining of the Fe3O4 nanoparticle concentration at 
0.005, 0.01 and 0.02 of ~5, 17 and 38 nm thick Fe3O4/PS films, respectively. 
 
 
 
 
 
 
 
 
 
 

Figure 4.47 Illustration for result of pining of the Fe3O4 nanoparticle concentration at 0.03 
of ~5, 17 and 38 nm thick Fe3O4/PS films. 
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CHAPTER V 
 

CONCLUSIONS 
 

 This research demonstrates that poly(styrene-stat-chloromethylstyrene)(P(S-
ClX)) copolymers and Fe3O4 nanoparticles can be utilized as a dewetting inhibitor for PS 
thin film of thickness less than 50 nm. We can conclude that : 
 
 1. The existence of ClMS group in P(S-ClX) copolymer causes the increase 
of the polar component ( h

sγ ) . Therefore, the addition of P(S-ClX) copolymers containing 
ClMS group into PS film enhances the interfacial dipolar interaction with SiOx/Si 
substrate, which increases film stability.  
 
  2. An addition of only 1 mol% of ClMS group in the polymeric thin film can 
drastically retard the dewetting dynamics while the alteration of physical properties of 
the film is at the minimum.  
 

3. The effectiveness of the P(S-ClX) copolymers as a dewetting inhibitor is 
found to vary with their chemical structures. The P(S-ClX) copolymers with higher ratio of 
polar ClMS group exhibit much higher efficiency. The increase of ClMS groups along the 
backbone of copolymer allows short distance between the ClMS groups, which in turn 
enhances the interfacial interactions between PS matrix and solid substrate via dipolar 
interaction.  

 
4. For the relatively thin films (5 and 11 nm), the polar ClMS groups of the 

P(S-Cl5) can effectively segregate to SiOx/Si surface, providing anchoring sites for the 
copolymer. For the thicker films (17 nm), fractions of ClMS groups may remain within the 
PS matrix. This group is incompatible with PS matrix due to its high polarity. Therefore, 
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the free ClMS groups behave as nucleation sites for phase separation, which leads to 
the instability of the film. 

 
5. The addition of small quantity of Fe3O4 nanoparticles causes retardation 

of dewetting dynamics in Fe3O4/PS thin film of thickness 17 and 38 nm due to pinning 
effect. For 5 nm thick PS films, the nanoparticles act as impurities which accelerate 
dewetting dynamics of the film.  

 
6. The dewetting dynamics of Fe3O4/PS thin films depends on the concentration 

of the nanoparticles. Best stability for thin films of thickness 17 and 38 nm are to add 
Fe3O4 concentration at 0.01 and 0.02 wt%, repectively. When increasing Fe3O4 

cocentration to 0.03 wt%, film stability decreases to less than 0.02 wt% of Fe3O4. These 
results suggest that high concentration of Fe3O4 nanoparticles cause agglomeration, 
which are similar with dust or impurity in thin film and lead film instability. 
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FUTURE WORK 
 

Suggestions for future work : 
1. Study the use of polymers with different structures such as dendrimers 
and three-arm polymers as dewetting inhibitors 
2. Study effects of the size of nanoparticles on dewetting suppression 
efficiency  
3. Vary types of nanoparticles for extensive applications 
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Appendix A 

Properties of polymers and copolymers 

Properties of PS 

Sample Name : polystyrene 

Sameple # : P2459-S 

Structure : 

 
Composition : 

Mn x 103 PDI 

34.3 1.04 

Synthesis procedure : 

Polystyrene is obtained by polymerization 

Characterization : 

The molecular weight and polydispersity index (PDI) are obtained by size exclusion 
chromatography (SEC) in THF. 

Solubility : 

Polystyrene is soluble in DMF, THF, toluene and CHCl3. It precipitates from methanol, 
ethanol, water and hexanes. 
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Properties of P(S-Cl5) 

Sample name : random copolymer poly(styrene-co-chloromethyl styrene) 

Sample # : P2128 SSMeClran 

Structure  

 
x = 0.95, y = 0.05 

Composition : 

PSMeCl (mol%) : 5.33 

Mn x 103 

PS-co-PSMeCl 

PDI 

29.2 1.12 

Tg for random polymer 103°C 

Synthesis Procedure 

Random copolymer poly(styrene-co-chloromethylstyrene) is prepared by redical 
polymerization of styrene and p-chloromethyl styrene in the presence of TEMPO 

Characterization : 

The polymer was analyzed by size exclusion chromatography (SEC) to obtain the 
molecular weight and polydispersity index (PDI). The copolymer composition was 
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calculated from H-NMR spectroscopy by comparing the peak area the aromatic protons 
of styrene at about 7.05 ppm with the protons of chloromethyl styrene at about 4.6 ppm 

Thermal analysis :  

Thermal analysis of the samples was carried out on the TAQ 100 differential scanning 
calorimeter at a heating rate of 10 °C/min. The midpoint of the slope change of the heat 
flow plot of the second heating scan was considered as the glass transition temperature 
(Tg) 

Solubility 

Random copolymer poly(styrene-co-chloromethylstyrene) is soluble in CHCl3, THF, DMF, 
toluene and precipitated out from methanal. 
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Properties of P(S-Cl20) 

Sample name : random copolymer poly(styrene-co-chloromethyl styrene) 

Sample # : P2132 SSMeClran 

Structure  

 
x = 0.80, y = 0.20 

Composition : 

PSMeCl (mol%) : 19.96 

Mn x 103 

PS-co-PSMeCl 

PDI 

27.9 1.18 

Tg for random polymer 95°C 

Synthesis Procedure 

Random copolymer poly(styrene-co-chloromethylstyrene) is prepared by redical 
polymerization of styrene and p-chloromethyl styrene in the presence of TEMPO 

Characterization : 

The polymer was analyzed by size exclusion chromatography (SEC) to obtain the 
molecular weight and polydispersity index (PDI). The copolymer composition was 
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calculated from H-NMR spectroscopy by comparing the peak area the aromatic protons 
of styrene at about 7.05 ppm with the protons of chloromethyl styrene at about 4.6 ppm 

Thermal analysis :  

Thermal analysis of the samples was carried out on the TAQ 100 differential scanning 
calorimeter at a heating rate of 10 °C/min. The midpoint of the slope change of the heat 
flow plot of the second heating scan was considered as the glass transition temperature 
(Tg) 

Solubility 

Random copolymer poly(styrene-co-chloromethylstyrene) is soluble in CHCl3, THF, DMF, 
toluene and precipitated out from methanal. 
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Properties of P(S-Cl45) 

Sample name : random copolymer poly(styrene-co-chloromethyl styrene) 

Sample # : P2131 SSMeClran 

Structure  

 
x = 0.55, y = 0.45 

Composition : 

PSMeCl (mol%) : 44.9 

Mn x 103 

PS-co-PSMeCl 

PDI 

31.1 1.48 

Tg for random polymer 104°C 

Synthesis Procedure 

Random copolymer poly(styrene-co-chloromethylstyrene) is prepared by redical 
polymerization of styrene and p-chloromethyl styrene in the presence of TEMPO 

Characterization : 

The polymer was analyzed by size exclusion chromatography (SEC) to obtain the 
molecular weight and polydispersity index (PDI). The copolymer composition was 
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calculated from H-NMR spectroscopy by comparing the peak area the aromatic protons 
of styrene at about 7.05 ppm with the protons of chloromethyl styrene at about 4.6 ppm 

Thermal analysis :  

Thermal analysis of the samples was carried out on the TAQ 100 differential scanning 
calorimeter at a heating rate of 10 °C/min. The midpoint of the slope change of the heat 
flow plot of the second heating scan was considered as the glass transition temperature 
(Tg) 

Solubility 

Random copolymer poly(styrene-co-chloromethylstyrene) is soluble in CHCl3, THF, DMF, 
toluene and precipitated out from methanal. 
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Properties of PClMS 

Sample name : Poly(vinyl benzyl chloride) 

Sample # : P520-VBC 

Structure 

 

 

 

Composition : 

Mn x 103 PDI 

15.3 2.16 

Synthesis procedure 

Poly(vinyl benzyl chloride) is obtained by free redical polymerization of 4-vinyl benzyl 
chloride or a mixture of 3- and 4-vinyl benzyl chloride. The reaction is shown below. 

 
Solubility : 

Polymer is soluble in DMF, THF, toluene and CHCl3. It precipitates from methanol, 
ethanol, water and hexanes. 
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Appendix B 

XRD analysis 

 
Peaks Phase 1 
   Phase name                                Peak Phase:0 
 
Type    Position    I                                            _ 
FP      30.22456    0.5645316    Cry Size Lor(nm)        11.4 
                                 Cry Size Gauss(nm)      13.9 
                                 k:  1,  LVol-IB(nm)     5.555 
                                 k:  0.89,  LVol-FWHM(nm)  6.878 
                                                               _ 
FP      35.59739    2.902368     Cry Size Lor(nm)        11.2 
                                 Cry Size Gauss(nm)      8.6 
                                 k:  1,  LVol-IB(nm)     4.42 
                                 k:  0.89,  LVol-FWHM(nm)  5.170 
                                                               _ 
FP      43.24246    0.7483688    Cry Size Gauss(nm)      5.0 
                                 k:  1,  LVol-IB(nm)     4.753 
                                 k:  0.89,  LVol-FWHM(nm)  4.503 
                                                               _ 
FP      53.64191    1.133739     Cry Size Lor(nm)        6.9 
                                 k:  1,  LVol-IB(nm)     4.414 
                                 k:  0.89,  LVol-FWHM(nm)  6.171 
                                                               _ 
FP      57.24489    3.414595     Cry Size Lor(nm)        7.4 
                                 Cry Size Gauss(nm)      11.6 
                                 k:  1,  LVol-IB(nm)     3.912 
                                 k:  0.89,  LVol-FWHM(nm)  4.991 
                                                               _ 
FP      62.81907    6.059873     Cry Size Lor(nm)        8.9 
                                 Cry Size Gauss(nm)      14.1 
                                 k:  1,  LVol-IB(nm)     4.710 
                                 k:  0.89,  LVol-FWHM(nm)  6.020 
                                                               _ 
FP      74.60763    1.590842     Cry Size Gauss(nm)      3.4 
                                                               _ 

Total   Cry Size Lor(nm)     9.18 
 Cry Size Gauss(nm)   9.45 
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