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ABSTRACT
Nanostructured polymeric films are deposited with oblique angle polymerization
of poly-p-xylylene (PPX) derivatives. Surface and bulk characterization of
nanostructured PPX films are performed with experimental methods. These films are
composed of spatially aligned, free standing, high aspect ratio (>100:1) nanowires with
~150 nm diameter and various morphologies. Nanostructured PPX morphology is quasiperiodic, has very high surface area (100-400 times substrate area), and show high
uniformity in material properties. Columnar growth in nanostructured PPX films obeys a
power-law scaling mechanism. Characteristic values for scaling parameters indicate that
high surface diffusion and high flux of incoming vapor molecules are the major factors
affecting columnar growth in nanostructured PPX films. Nanostructured PPX films are
simulated with a two dimensional Monte Carlo model. Simulation results emphasize the
significance of polymerization among deposited particles. Computed values of the
power-law scaling parameters are in good agreement with the experimental results for
nanostructured PPX films. This study aimed to provide an understanding of ways to
control the growth of nanostructured polymers deposited with vapor phase
polymerization. Nanostructured PPX films are versatile platforms for developing
inexpensive, high throughput manufacturing techniques to create a new generation of
antifouling materials for naval and biomedical applications.
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Chapter 1
Introduction

1.1 Background
Porous materials are continuously connected structures with porosity in at least
one dimension. According to International Union of Pure and Applied Chemistry
(IUPAC), the definition of porosity is ‘having cavities, channels, or interstices, which are
deeper than they are wide’ [1]. IUPAC classifies porous solids according to the width of
pores and channels in the material: microporous (<2 nm), mesoporous (2-50 nm), and
macroporous (>50 nm) [1]. The synthesis process and the interaction between the
building blocks of a material determine the porosity type of the material. Extensive
research has been performed with polymeric materials exhibiting different levels of
porosity. Attractiveness of porous polymers is due to their unique properties such as high
surface area and other phenomena arising from the spatial dimensions of the material. For
instance, macroporous surfaces show enhanced hydrophobicity due to their increased
roughness compared to a flat surface [2,3]. Engineered porous materials may also serve
as versatile platforms for studying the interactions, transport, and synthesis of
biomolecules in confined environments [4,5].
Microporous polymers are synthesized by the self-assembly of well-defined
constructing units generally assisted by metal ions [6]. A major issue here is to construct
relatively stiff structures in order to prevent the collapsing and interpenetration of
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molecules in the solid. One of the potential applications of microporous polymers in near
future is hydrogen storage for motor vehicles [7].
Mesoporous polymers are synthesized via supramolecular templates such as
micellar structures that yield to a microphase separation of immiscible subunits into
different geometric forms such as cylindrical and lamellar assemblies. Mesoporous
polymers are ordered over larger length scales than microporous polymers. Two major
examples of polymeric mesoporous systems are block copolymers and polymer brushes.
Mesoporous polymers are intended to be used in catalysis, drug delivery, and material
templating processes [8].
Macroporous polymers possess larger pore sizes than mesoporous polymers, but
macroporous polymers show long range ordering at higher scales. Such polymers can be
obtained through chemical vapor deposition, spin coating, or emulsion templating [9-11].
All porous polymeric systems are not necessarily structured. A structured
polymeric material provides the benefit of controlling porosity so that the physical
properties of the material can be tuned. For instance, block copolymers are structured
mesoporous materials where polymers composed of two or more polymer subunits are
covalently bonded to each other in random or alternating fashions. Block copolymers
form different kinds of molecular ordering (e.g. cylindrical, lamellar, etc.) due to their
supramolecular assembly of immiscible polymer subunits [6]. On the other hand,
polymer brushes are a class of non-structured mesoporous materials obtained by grafting
of polymer chains onto a solid surface. Structural control of high-density polymer
brushes is still a challenge in experimental studies. Polymer brushes also have a limited
attainable thickness, which is below microscale [12]. In general, microporous and
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mesoporous polymers are incapable of being ordered over long ranges. The reason is that
such polymeric structures are obtained through non-equilibrium states and they are very
likely to exhibit defects arising from the substrate surface or from the formation
processes due to small interaction energies per polymer chain [13].
In this thesis, a significant class of porous and structured polymers referred to as
nanostructured polymeric films is studied. Our nanostructured polymeric films are made
of poly(p-xylylene) (PPX) and its halogen derivatives in assemblies of upright, parallel,
and either helical, chevron, or columnar nanowires grown by vapor deposition
polymerization. Nanostructured PPX films exhibit macroporosity and their morphology is
structured over ranges in macroscale.
A nanostructured form of PPX was deposited by our group through oblique angle
polymerization. Only a few examples of porous PPX films have been described in the
literature, including PPX polymer brushes and template PPX fibers [14,15]. Our
nanostructured PPX films are spatially aligned and they show features at nano and
microscale. Nanostructured PPX films can be 50 microns thick and contain 150 nm
diameter nanowires assemblies, which thus can have an aspect ratio higher than 100:1.
The production technique does not require any mask, lithography method or a surfactant
for deposition. The strength of our approach is the ability to control surface topography,
chemistry and film morphology at the same time. The nanostructured PPX films have
two advantages over planar PPX films. First, nanostructured morphology enhances the
film surface area via macroporosity, thereby increasing the efficiency of functionalization
of the material. Second, different chemical properties can be obtained by co-deposition of
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two or more types of PPX monomers with different side groups, which can be ester,
ketone, amine, lactone, etc.

1.2 Significance of nanostructured polymeric films
Nanostructured PPX films have several important features:
(i) Their deposition based on oblique angle polymerization is a simple,
inexpensive method that does not require any mask or lithographic techniques. Therefore,
the deposition method is a high throughput technique to obtain nanoscale features in
industrial scale.
(ii) Chemical properties of these polymeric films can be controlled and
manipulated by altering the side group chemistry of the dimer precursor or by applying
post-deposition treatments. Physical properties of nanostructured PPX films can be
controlled by altering the deposition conditions (e.g. deposition angle, substrate
temperature).
(iii) The properties of nanostructured PPX films encourage their use in biomedical
substrates [16], coatings for implants [16], substrates for surface enhanced Raman
detection of pathogens [17], and catalytic activity of hydrogen release [18]. These
spatially aligned polymers are also feasible candidates for anti-fouling surfaces in naval
systems, templates for porous metal layers at nanoscale [19], and they exhibit switchable
adhesive characteristics combined with superhydrophobicity [2].
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1.3 Objective
The objective of this thesis is to identify the features of nanostructured PPX films
while understanding the growth of nanostructured morphology with experimental and
computational methods. This objective will be accomplished under the following
headings:
1) Study of nanostructured PPX film growth: Morphology and chemistry of
nanostructured PPX films will be characterized with experimental methods.
Characterization results for nanostructured PPX films will be compared to planar PPX
films in order to show the effectiveness of nanostructured morphology in tuning the
physical and chemical properties of PPX films. Growth of columns in nanostructured
PPX films will be experimentally studied at two different deposition angles. Applicability
of a scaling mechanism will be discussed for nanostructured PPX films.
2) Computational modeling of columnar growth in nanostructured polymeric
films: Growth of PPX columns will be simulated with a two-dimensional Monte Carlo
model using two different deposition algorithms. Computational results will be compared
with experimental results for nanostructured PPX films and the performance of the
computational model will be discussed.

1.4 Outline of the thesis
In Chapter 2, a detailed literature review on thin film deposition, physical and
chemical nature of PPX, and relevant material characterization methods is presented. In
Chapter 3, precursor synthesis, deposition process and post-deposition treatments of
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nanostructured PPX samples are explained, along with a discussion about the
experimental techniques. Experimental results regarding columnar growth and material
characterization are presented in Chapter 4. Chapter 5 explains the evolution of columnar
morphology in nanostructured PPX films with a computational model and discusses the
validity of the model. Chapter 6 concludes the thesis by fulfilling the stated objectives
and outlines the future research opportunities based on nanostructured PPX films.
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Chapter 2
Literature Review
This chapter presents a concise literature review about thin film growth, poly(pxylylene) (PPX) chemistry, oblique angle deposition, and material characterization
methods utilized for nanostructured PPX films.

2.1 Thin films
Thin films can be defined as material layers having a thickness range of
angstroms to tens of microns. The thickness of thin films can reach the limits of thick
films, but the advantage is the precise control on film morphology and chemistry. Thin
films are deposited from a source in molecular form. On the other hand, thick film
depositions include particles larger than molecules (e.g. spin-on glass coating, plasmaspraying) [20]. The aim of depositing a thin film is to achieve surface properties
unattainable with a plain substrate. Thin films can be deposited at vapor or liquid phases.
Vapor phase depositions have major advantages such as applicability to all source
materials and access to the surface crevices during deposition [20].
Application range of thin films is wide. Occasionally, multiple properties arise
with a thin film deposition. Optical applications include reflective/antireflective coatings,
interference filters, memory discs and waveguides. Electrical applications can be
insulation and conduction of surfaces, semiconductor devices and piezoelectric devices.

8
Some chemical applications are barriers for diffusion, oxidation and corrosion resistant
protection, gas and liquid sensors. Mechanical applications may include wear-resistant
coatings, layers increasing surface hardness, increasing or decreasing surface adhesion,
and micromechanics. There are also biomaterial applications with polymeric thin films
such as orthopedic implant coatings and cell culture substrates.

2.1.1 Deposition methods

2.1.1.1 Vapor deposition methods
Vapor deposition methods are generally preferred over liquid phase depositions
when considering thin film production. A general definition for vapor deposition is the
transportation of evaporated molecules from a source material onto a substrate. Initial
step of vapor deposition is to obtain the gaseous form of the source molecules. The
vaporized source material is then condensed onto a substrate. The source material may
coat the substrate surface as in a planar thin film, or geometrical morphologies may
appear as in a nanostructured thin film deposited at oblique angle. There are two general
types of vapor deposition techniques: Physical vapor deposition (PVD) and chemical
vapor deposition (CVD).
In PVD methods, the solid or liquid source material is vaporized by evaporation,
laser ablation, or sputtering [20]. In evaporation, source material can be vaporized by
resistive heating (e.g. tungsten coils under current) or radio frequency induction. Another
option is to aim electron beams with high kinetic energy onto the material surface. Laser

9
ablation is done by irradiating the source material with high energy photons. Sputtering
happens by bombarding the source material surface with positive ions (i.e. with plasma)
and causing surface atoms to be ejected after collision of ions. Each vaporization method
has its advantages and disadvantages. Evaporations are generally performed at high
vacuum conditions. Consequently, contamination problem is minimal. Sputtering is
applicable for any type of source material and film deposition rate is uniform over large
areas. Appropriate vaporization method should be chosen by considering the source
material, substrate condition (e.g. chemistry and roughness) and desired deposition
quality.
After the vaporization of source material, the source gas is transported into a
vacuum chamber without any chemical changes. Vacuum environment is essential for the
free movement of source molecules and it eliminates contamination. For instance,
nanostructured polymeric films deposited at ~1.3 Pa (10 mTorr) pressure have minimal
contamination issues [9]. In the vacuum chamber, vaporized source molecules are
projected onto a substrate where they condense and form the film layer. The interaction
between source gas and the substrate surface depends on the reactivity between the two
entities. In short words, PVD is the evaporation of a solid source material and
condensation of the vaporized molecules uniformly on a surface. PVD is suitable for
most inorganic materials and some polymeric materials such as poly(p-xylylene) (PPX)
investigated in this research.
Vapor deposition processes of polymers are specifically termed as vapor
deposition polymerization (VDP) [21]. VDP is distinct from ordinary PVD processes in
the sense that deposition of the source gas on the substrate happens by the polymerization
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of particles. On the other hand, non-polymeric films are formed by clustering of
incoming particles [20]. As discussed in Chapters 4 and 5, polymerization of particles
drastically affects the deposition kinetics and resulting film morphology.
CVD methods involve chemical reactions during thin film deposition. These
reactions can happen between source gases prior to deposition, or between source
molecules and substrate during condensation. By-product gases are exhausted from the
system after the resultant gas molecules are deposited. CVD can be performed under high
vacuum or atmospheric pressures, depending on the desired chemical reaction. For
instance, PPX deposition can be carried under vacuum or with argon gas, depending on
the desired film chemistry. CVD can be used for most non-polymeric and polymeric
materials [10,21].
Contamination and material supply rate are two important issues to consider in
uniformity of the deposited films. Transportation of source molecules depends on the
ambient conditions around the substrate. Vacuum environments enable the linear
projection of source molecules, whereas a fluid environment will induce collisions of
particles. In some cases, atmospheric gases are required for the chemical reaction
processes. Deposition process is also influenced by the substrate condition (e.g.
roughness, contamination, chemistry) and reactivity of the transported material with the
substrate.
Although PVD and CVD are two common vapor phase methods for thin film
deposition, molecular beam epitaxy (MBE) can be used as an alternative vapor deposition
method. In MBE, semiconductor sources are deposited on a monocrystalline substrate in
the form of molecular beams. The deposited film adopts the crystallographic properties of
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the substrate. MBE requires very high purity of source material and ultra high vacuum
conditions. Since the deposition rate is on the order of Å/s, deposited layers can be
controlled with high accuracy. MBE produces very high quality material layers with good
control on thickness and composition. MBE is frequently utilized in electronics
applications.

2.1.1.2 Other deposition methods
Aside from vapor phase depositions, there are also liquid phase deposition
methods such liquid phase epitaxy. Liquid phase epitaxy enables depositing a
monocrystalline film from the liquid phase of a source material. Source material can be
dissolved in a melt of another material. Then, uniform, very thin, and high quality films
can be deposited on a solid substrate at equilibrium conditions. Equilibrium of the system
depends heavily on the temperature and concentration of the dissolved material in the
melt. Growth of the film layer can be accurately controlled by cooling rate of the melt.
Liquid phase epitaxy is capable of producing reliable semiconductor or magnetic film
devices.

2.1.2 Oblique angle deposition
In a conventional vapor deposition process, substrate is kept perpendicular to the
flux of source gas molecules, also named as incident vapor flux. Oblique angle deposition
introduces an angle of tilt for the incident vapor flux. Kundt is referenced for introducing
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the angle of tilt and producing tilted columnar thin films using PVD in 1886 [22].
Figure 2-1 illustrates the oblique angle deposition method. As the incident vapor flux is
sent with an angle α, a nucleation process is followed by the self-shadowing of emerging
columns [23]. An emerging inclined column keeps its nearby locations shadowed from
the incident vapor flux and the closest neighbor column grows at a location away from
any ‘shadows’.
Inclined columns (where column angle β < 90°) are obtained by varying α such
that, α ≤ β. Motohiro and Taga alternated the vapor incidence angle α during deposition
and obtained a chevron (zigzag) morphology [24] (see Figure 2-2a). Young and Kowal
demonstrated that if the substrate is rotated around its normal axis during deposition,
helical thin films composed of helical columns are obtained as in Figure 2-2b [25].
Variations in rotational speed result in films with different helical pitches and
consequently, different properties.
In summary, different columnar profiles (e.g. straight, chevron, or helical) can be
obtained by tilting and rotating the substrate with respect to the incident vapor flux.

Figure 2-1: Illustration of oblique angle deposition method. α is the vapor incidence angle
and β is the column angle.
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These profiles can be two-dimensional such as tilted straight columns, chevrons,
c-shapes and s-shapes. Three-dimensional profiles such as helices and super helices are
also possible to deposit. Figure 2-3 shows SEM images of non-polymeric nanostructured
films with different morphologies. Different columnar profiles can also be combined on a
single sample by depositing as individual layers.
In nanostructured thin films, column diameter and columnar separation can be
uniaxially or biaxially uniform. For a columnar film, separation between columns
increases in the direction of vapor incidence with decreasing α (where α < 30° and
measured from horizontal) [26]. This is due to increased self-shadowing effect of each

(a)

(b)
Figure 2-2: Illustrations of (a) chevronic (zigzag) and (b) helical film deposition. Helical
and chevronic films are deposited by alternating and continuous rotation of the substrate,
respectively. Vapor flux is sent with an oblique angle to the substrate. ω is the rotational
speed.
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Figure 2-3: SEM images of different nanostructured thin film morphologies. Top:
Chevron, c-shaped, s-shaped magnesium fluoride (MgF2) films [23]. Bottom: Helical Si,
helical Au, helical/straight Si films.
(Bottom images from: http://www.rpi.edu/%7Elut/lugroup.html, Robbie and Brett,
University of Alberta, http://www.physast.uga.edu/%7Ezhaoy/glad.htm)

column in a certain direction. The effect of self-shadowing on columnar separation is
much more significant for α < 10° [23]. The column diameter can be 10-300nm [23].
Oblique angle deposition also affects the cross section geometry of a column. Due to selfshadowing effects, anisotropy in column geometry may arise with elliptical cross sections
[27].
Distribution of columns on a smooth substrate is accepted to be random due to the
locations of nucleation sites forming at the initial stage of oblique angle deposition
[23,28]. However, power spectral density analysis of columnar films revealed the quasiperiodicity of surface features at different stages of columnar growth [29-31].
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Lateral distribution of columns on a substrate can be controlled by depositing the
nanostructured film on a lithographically patterned surface [32-34]. Patterned surfaces
yield uniformly separated columns without competitive growth (see Figure 2-4). One
drawback of oblique angle deposition on patterned surfaces is the formation of coarser
columns with micron sized diameters.
Oblique angle deposited (i.e. nanostructured) films are composed of columns
broadening as they grow. Longitudinally uniform columns (i.e. non-broadening columns)
can be deposited by implementing a special rotation algorithm for the substrate named as
PhiSweep by Jensen and Brett [35] and Swing by Ye et al. [36] Substrate is alternatingly
rotated clockwise and counterclockwise around its z-axis for a certain radial angle. The
only difference between PhiSweep and Swing is the pause coming after each rotational
period. PhiSweep can be utilized for different morphologies (e.g. columnar, helical etc)
whereas Swing is used only for helical films. These two sweeping methods not only

Figure 2-4: SEM images of Si columns deposited on non-patterned and patterned
substrates. Figure adapted from [34].
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prevent the anisotropy in column cross section, but also allow the control of film porosity
through variations in sweeping angle and duration [35,36]. Film porosity can also be
altered by the vapor incidence angle, but sweeping methods allow one to do the same task
without decreasing the specific surface area (m2/g) of the film [35]. Figure 2-5 shows the
effect of sweeping methods for samples deposited on patterned substrates.
Oblique angle deposited films can also be used as templates to form porous layers
[37,19]. For instance, a silicon dioxide helical film can be filled with a cast material such
as polystyrene and then the template film can be etched in order to leave a porous
polystyrene layer. Although this method is especially suggested for porous polymeric

Figure 2-5: SEM images of Si columns deposited on a patterned substrate. (a) The
substrate before deposition. (b) Top view of columns broadening in the absence of
sweeping mechanism. (c) Top and (d) side views of columns deposited with sweeping
mechanism. Figure adapted from [33].
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films, direct deposition of polymers at oblique angle requires less labor and yields much
finer features as discussed further in the following sections.
Scaling of columnar growth in oblique angle deposited non-polymeric materials
has been extensively studied [29,38-40]. However, any similar studies regarding oblique
angle deposited polymers have not been reported until now. Oblique angle deposited
dielectric materials and metals (e.g. Si, Co, Cu, TiO2, etc.) show surface features that
obey a universal power-law scaling mechanism [29,38-40]. In Chapter 4, power-law
scaling will be shown to be applicable for our nanostructured polymers. Power-law
scaling is an allometric equation that relates the instantaneous column height to the
column diameter as follows:

d = ch p

Eq. 2.1

where d is the column diameter, c and p are constants, and h is the height of a column.
The exponent p in Eq. 2.1 is a characteristic value for the material being deposited, and it
is also dependent on the vapor incidence angle during deposition [29]. Karabacak et al.
reported p value for Si around 0.31 for a certain vapor incidence angle [39]. On the other
hand, Buzea et al. reported the value of p for Si between 0.30 and 0.60 by altering the
vapor incidence angle [29]. Karabacak et al. proposed that p is also affected by surface
diffusion of the deposited molecules [39]. Many models are proposed for columnar
growth of non-polymeric materials at oblique angle deposition, but the situation is far
more complicated for polymeric materials. In this thesis, both the experimental
observations for PPX columns and a computational model for the polymeric columnar
films are presented.
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2.2 Paracyclophane and poly(p-xylylene) chemistry

2.2.1 [2.2]Paracyclophanes
[2.2]Paracyclophane was first prepared in 1949 by Brown and Farthing [41] and
systematically investigated by Cram and coworkers from 1951 onward [42]. Chemically,
[2.2]paracyclophane is a dimer of two p-xylylene groups having an unusual three
dimensional aromatic structure compared to the planar benzene ring. In an aromatic ring
as in benzene, all carbon atoms are saturated with hydrogen atoms. In
[2.2]paracyclophane, on the other hand, two carbon atoms across each other in a ring (i.e.
at para positions) bond with methylene groups forming a bridge with the other aromatic
group in the molecule (see Figure 2-6).
The simplest paracyclophane form is the unsubstituted [2.2]paracyclophane where
the aromatic rings are saturated only with hydrogen atoms. In other [2.2]paracyclophane
derivatives, one or more of the aromatic and/or aliphatic carbon atoms are bonded with
other chemical groups. For instance, dichloro[2.2]-paracyclophane has two chlorine
atoms in a dimer. Figure 2-6 shows chemical structures of some of the paracyclophane
derivatives. Applications of [2.2]paracyclophane include molecular machines realized
through supramolecular assembly, and polymeric thin films with PPX [43-45].
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Figure 2-6: Chemical structures of different paracyclophane derivatives.

2.2.2 Poly(p-xylylene) and its derivatives
Poly(p-xylylene) (PPX, or commercially known as parylene) is the polymerized
form of a monomer named as p-xylylene. PPX polymerization occurs by linear chain
growth in which only one monomer is added to one end of a polymer chain at a time [21].
There are two common vapor phase routes to polymerize p-xylylene. First route was a
CVD based method developed by Szwarc in 1947, where p-xylylene monomers were
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polymerized in an uncontrollable reaction [46] (see Figure 2-7a). The polymerization
reaction in Szwarc method could not be manually terminated, because there was no
energy barrier in the reaction that enables any means of control. Furthermore, the
polymerization efficiency was very low (~15%) despite high reaction temperatures (700900°C) [47].
Szwarc method was improved by Gorham in 1960 [43]. Gorham started PPX
deposition with the p-xylylene dimer called [2.2]paracyclophane. The difference here was
the energy threshold that kept the dimer intact. As shown in Figure 2-7b, a high
temperature pyrolysis (>550 °C) process was necessary for cleaving the dimer into two
monomers. Here, the energy needed to cleave a dimer provided the control mechanism
for polymerization. Thus, it was possible to terminate the PPX polymerization process at
any instant in Gorham method. Gorham method is still used in industry since it allows the
vapor deposition of high molecular weight polymers without using any solvents that
would affect the polymer chemistry [43]. Figure 2-7c shows the schematic of PPX film
deposition method in this study. Gorham method was adopted for PPX polymerization.
Nanostructured PPX films with controlled thickness and morphology were obtained by
rotating and tilting the substrate during deposition.
PPX thin films have 40% to 50% crystallinity depending on the deposition
conditions [21]. Crystalline regions can be realized in randomly located sub-micron
domains. Thus, the remaining regions in polymer are amorphous. Crystalline regions are
more resistive to chemical attacks than amorphous regions [47]. Crystalline and
amorphous regions are characterized by glass transition temperature (Tg) and polymer
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Figure 2-7: PPX polymerization by (a) Szwarc method, (b) Gorham method. In this
study, nanostructured PPX deposition was done with Gorham method (c). α is the angle
of incident flux, β is the column angle, ω is the rotational speed of substrate and n
represents the repeating unit of polymer.
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melting temperature (Tm), respectively. Above Tg, crystalline regions become amorphous
and above Tm all (i.e. amorphous and crystalline) regions turn into liquid. For instance, Tg
and Tm for poly(chloro-p-xylylene) (PPX-Cl) are 35-80 °C and 290 °C, respectively. PPX
thin films have two identified crystalline forms, α-phase and β-phase, and transition from
α-phase to β-phase form happens by heating above 220 °C [47]. PPX films are
thermomechanically stable between 20-200 °C [43].
Structure of PPX α-phase was fully determined with x-ray diffraction (XRD)
method [48]. Parylene-N (unsubstituted PPX) α-phase crystal has monoclinic unit cell
with a = 5.92 Å, b = 10.64 Å, c = 6.55 Å, α = γ = 90°, β = 134.7°. Unit cell parameters
for PPX-Cl α-phase are: a = 5.92 Å, b = 12.69 Å, c = 6.66 Å, α = γ = 90°, β = 135.2°
[48]. Note that the difference between PPX-N and PPX-Cl is a chlorine atom bonded to
the aromatic ring of the p-xylylene monomer. Table 2-1 shows some physical properties
of PPX-N, PPX-Cl, and PPX-D (poly(dichloro-p-xylylene)).
In this study, nanostructured PPX films were deposited with vapor deposition
polymerization (VDP) [21]. VDP has major advantages over other polymerization
methods. VDP eliminates the usage of solvents and formation of by-products.
Furthermore, gaseous PPX monomers fill sub-micron crevices on a substrate and form a
uniform and conformal film over large areas. Deposition of PPX was done with the
Gorham route in which the dimer, [2.2]paracyclophane, splits into two monomers at >550
°C temperature and ~1.3 Pa (10 mTorr) pressure. At room temperature these monomers
polymerize on a substrate and form a film of desired thickness (see Figure 2-7 c) [43].

23
Table 2-1: Bulk material properties for unsubstituted poly(p-xylylene) (PPX-N),
poly(chloro-p-xylylene) (PPX-Cl), and poly(dichloro-p-xylylene) (PPX-D). Data taken
from [21,44].
Property
Melting point (°C)
Glass transition (°C)
Density (g/cm3)
Elastic modulus (GPa)
Tensile strength (GPa)
Yield strength (MPa)
Elongation to break (%)
Hardness (GPa, nanoindentation)
Static coefficient of friction
Surface energy (dyne/cm=mJ/m2)
Poisson's ratio

PPX-N
420
13-80
1.11
2.4
45
42
30
0.6
0.25
45
0.4

PPX-Cl
290
35-80
1.289
3.2
70
55
200
N/A
0.29
45
0.4

PPX-D
380
110
1.418
2.8
75
60
10
N/A
0.35
45
0.4

Planar PPX films have a wide range of usage. Some performed applications are
chemical and corrosion resistant coatings, capacitor dielectrics, moisture barriers,
electrical insulators, dry lubricants, and anti-friction layers in MEMS [47,48,49-52].
PPX’s chemical inertness, stability and uniformity allow its use in biomedical
applications like biocompatible coatings, cell culture substrates, separation membranes,
inert coatings, artificial organs, biosensing, tissue engineering, drug delivery, insulators
in sensors, implants and cardiac pacemakers [16,21,53-54].

2.3 Nanostructured polymeric films
A wide variety of non-polymeric nanostructured films (e.g. metals and
semiconductors) have been deposited in the last two decades. Hrudey et al. deposited the
first organic, but non-polymeric nanostructured film of Alq3 at oblique angle [55]. The
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deposition of polymeric nanostructured films in a direct method was demonstrated by
Pursel et al. [56] Spatially organized, uniform, macroporous PPX films were found to be
unique in terms of deposition method and the resulting film morphology [57].
Only a few examples of porous PPX films have been described in the literature,
including PPX polymer brushes and template PPX fibers which were not structured
[14,15]. In this thesis, we showed that macroporous films of PPX −comprising freestanding, slanted, parallel columns− could be fabricated. These PPX films could be 50
microns thick and contained ~150 nm diameter columns, which thus could have an aspect
ratio more than 100:1. The production technique did not require any mask, lithography
method or a surfactant for deposition.

2.4 Characterization methods for nanostructured polymeric films
Nanostructured film properties can be inspected through different applications
such as optical, mechanical, chemical, or electrical. All these properties rely on the
morphology and chemical composition of the nanostructured film under investigation. As
an example, film morphology affects mechanical and optical properties of the film,
whereas film chemistry is important for material biocompatibility. In many cases, such as
hydrophobicity, both morphology and chemistry influence the film performance [2].
Nanostructured film properties can be analyzed with a wide range of methods: scanning
electron microscopy and atomic force microscopy for morphology, x-ray photoelectron
spectra for material composition, contact angle measurement for surface behavior etc.
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Structure-property relationships for nanostructured films are based on deposition
parameters such as source gas flux rate, vapor incidence angle, or rotational speed of the
substrate. Source gas flux affects the uniformity of the deposited film over the substrate.
Vapor incidence angle affects column angle and porosity of the nanostructured film.
Rotational speed of the substrate affects film porosity and helical coil density of helical
films. As an example, consider an increase in the rotational speed of the substrate. The
helical pitch would decrease, thus the coil density would increase for a helical film and it
would exhibit higher elastic stiffness as reported by Seto et al. [58]
Optical performance of thin films is measured by absorbance, transmittance,
scattering and reflection values for a range of wavelengths. Electrical properties are
measured in terms of resistivity for metals, electron mobility and concentration for
semiconductors, and dielectric constant for insulators. Mechanical properties are
measured in terms of surface adhesion, surface roughness, elastic and plastic quantities
such as elastic modulus and hardness.
Below are the brief descriptions for material characterization methods relevant to
this study.

2.4.1 Scanning electron microscopy
Scanning electron microscopy (SEM) is a relatively high resolution (~20 nm)
imaging method with a high depth of focus. In this study, SEM was used for visual
analysis of nanostructured morphology in oblique angle deposited PPX films.
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2.4.2 Atomic force microscopy
Atomic force microscope (AFM) is a scanning probe microscope with very high
resolution. Depending on the tip quality and measurement conditions, distance and force
resolutions can be at Angstrom and picoNewton levels, respectively. As seen in Figure 28, AFM measurements are performed with a cantilever having a very sharp probe,
generally referred as an AFM tip. As the tip scans a surface and encounters an obstacle,
the cantilever bends and causes a voltage difference on a photodetector which is then
converted into a tip deflection value. In this study, AFM was for topography imaging.
Using topography data, surface properties were quantified in terms of roughness, three
dimensional surface area, size and distribution of surface features etc. Such values were
crucial for comparing the morphology of planar and nanostructured thin films, and
understanding the growth of columns.

2.4.3 Thermo gravimetric analysis
Thermo gravimetric analysis (TGA) measures the mass of a sample as a function
of raising temperature. TGA is an effective method for understanding material properties
in terms of phase change, decomposition temperature and rate, reaction kinetics, and
material stability. TGA was used for the analysis of polymer phase in nanostructured
PPX films.
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Figure 2-8: Schematic of atomic force microscope (AFM).
(From http://www.molec.com/what_is_afm.html)

2.4.4 Contact angle measurement
Contact angle is used for determining the wettability of a liquid on a surface. By
definition, contact angle is the angle of a liquid-gas interface on a solid surface
formulized by Young equation:
γLG (cosθc) = γSG - γSL

Eq. 2.2

where γ is the interfacial energy between mediums (S, L, G standing for solid, liquid,
and gas) and θc is the contact angle of a liquid on a solid as shown in Figure 2-9. Contact
angle of a liquid on a solid shows the relative surface energies of solid and liquid
compared to each other. If the tested surface is horizontal, the measured angle is called
the static contact angle. Unless notified, reported contact angles are from static
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measurements. Another type of measurement is the contact angle hysteresis where the
difference between maximum advancing and minimum receding contact angles is
measured (see Figure 2-10). A high contact angle hysteresis indicates the adhesiveness of
the liquid on the solid surface. The tilting angle of the stage at which the liquid starts
rolling is called the roll-off angle, which is another measure of adhesiveness between
liquid and the solid surface.
Unless notified, contact angle measurements are performed with water. In some
instances, non-polar solvents such as oil, hexane, etc. are tested for further material
characterization. Ideally, complete hydrophilic and hydrophobic solid surfaces have 0 and
180 degrees of contact angle, respectively. By convention, contact angles more than 90
and 150 degrees indicate hydrophobicity and superhydrophobicity, respectively. On the
other hand, contact angles less than 90 and 30 degrees indicate hydrophilicity and
superhydrophilicity, respectively. Contact angles measured on flat substrates belong to
the Young’s regime. Apparent contact angles on nanostructured surfaces are investigated
in two main regimes: Wenzel regime [59] and Cassie-Baxter regime [60]. There are also
intermediates between these two states. Figure 2-11 shows the possible wetting regimes
of a liquid depending on the substrate morphology. Wetting in Wenzel regime happens
by pinning of the liquid droplet into the nanostructured texture of the substrate. Apparent
contact angle θc* in Wenzel regime is found by:
cosθc* = rw cosθc

Eq. 2.3

where θc is the contact angle in Young’s regime (i.e. on a flat substrate with same
material), and rw is the ratio of actual surface area to apparent surface area. Cassie-Baxter
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regime is defined by the trapping of air below the liquid droplet sitting on the
nanostructured surface. Apparent contact angle for Cassie-Baxter regime is found by:
cosθc* = -1 + φs(1+cosθc)

Eq. 2.4

where θc is the contact angle in Young’s regime and φs is the fraction of solid surface in
contact with liquid. For nanostructured substrates such as spatially aligned PPX films,
physical conditions on the liquid determines the contact angle regime. Transition from
Cassie-Baxter to Wenzel regime is possible by applying pressure onto the liquid [61].
Although this process is believed to be irreversible, a recent study proved it otherwise by
using a thermoelectric swithcing mechanism [62]. In order to find the suitable wetting
regime, Young’s contact angle, θc, is compared with a transition angle θT found by:
cosθT = (φs-1)/(rw-φs)

Eq. 2.5

where rw and φs are described above. If θc < θT then the Wenzel regime is valid. If θc > θT
then the Cassie-Baxter regime will be observed.

Figure 2-9: Contact angle, θc, of a liquid-gas interface on a solid surface. Subscripts S, L
and G stand for solid, liquid, and gas, respectively. γ is the interface energy.
(From: http://en.wikipedia.org/wiki/Image:Contact_angle.svg)
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Figure 2-10: Schematic of contact angle hysteresis measurement. θadv is the advancing
angle and θrec is the receding angle of the liquid before it starts rolling. α is the tilting
angle of the stage at the rolling instant (i.e. roll-off angle of the liquid). Figure adapted
from lecture notes of Dr E A Vogler, Penn State University.

Figure 2-11: Illustration of different wetting regimes for a liquid. (a) Young’s regime on
a flat substrate, (b) Wenzel’s regime, (c) Cassie-Baxter regime, (d) Wenzel and CassieBaxter intermediate regime on nanostructured substrate. Figure adapted from [63].
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2.4.5 X-ray photoemission spectroscopy
X-ray photoelectron spectroscopy (XPS) is performed by sending x-ray beams
that collide with the atoms on a material surface and detecting the kinetic energy and
quantity of the electrons that escape from the top 10 nm layer of the material. XPS allows
the quantitative analysis of surface chemistry of a material. XPS schematic is shown in
Figure 2-12. In this study, surface chemistry of nanostructured PPX films was analyzed
with XPS.

2.4.6 Infrared spectroscopy
Infrared (IR) spectroscopy measures the absorbance of different IR frequencies by
molecules in a sample. Specific absorbance frequencies, called ‘bands’, can be thought as

Figure 2-12: Schematic of XPS for a silicon sample.
(From http://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy)
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the ‘fingerprints’ for a molecule. IR light is not absorbed if it does not cause a change in
the dipole moment of a molecule, such as the symmetric bonds in N2, O2, or C-C bond in
ethane. General IR spectroscopy setup involves the emission of IR beams from a source.
IR beams can be at a single wavelength (monochromatic) or include all wavelengths as in
Fourier transform instruments. IR beams then split and pass through the sample and a
reference medium. Then, beams pass through a detector in an alternating manner, and the
signals are compared. Different chemical groups have particular absorbance
characteristics in IR spectrum. Thus, the chemical composition of a material can be
elucidated by comparing the absorbance rate of IR frequencies with a reference.
Absorbance frequencies of some covalent bonds are listed in an IR spectroscopy
correlation table shown in Figure 2-13. Attenuated total reflectance (ATR) IR
spectroscopy eliminates sample preparation problems since this method is based on
measuring the changes in a totally reflected IR beam instead of measuring the absorbance
of IR beams passing through sample between transparent mediums. In this study, an ATR
type Fourier transform infrared spectroscopy (FTIR) system was used for nanostructured
PPX films.

2.4.7 X-ray diffraction
X-ray diffraction (XRD) is a non-destructive analysis technique and it is a very
suitable tool for investigating the structural arrangements of atoms in a crystal. XRD
method is based on Bragg’s law which is stated as:

33

Figure 2-13: IR spectroscopy correlation table listing the absorbance frequencies of
some covalent bonds. Wavenumbers listed in cm-1.
(From http://en.wikipedia.org/wiki/Infrared_spectroscopy)

kλ = 2dL sin(θ)

Eq. 2.6

where λ is the wavelength of the x-ray beam, dL is the interplanar spacing between layers
of atoms, θ is the angle between incident and reflected x-rays and k is a positive integer
such that waves diffracted from different layers are in phase (see Figure 2-14). XRD
patterns are generally presented as intensity vs angle plots where the diffraction angle is
represented by the quantity 2θ in degrees.
Percent crystallinity of a sample can be calculated with respect to a reference
specimen. Another practical way of crystallinity calculation is to estimate the areas under
diffraction peaks and comparing them with the total area under overall diffraction pattern.
Parameters regarding the data collection process (e.g. angle scan range, step per angle,
waiting time per step etc.) are crucial in XRD analysis since the appearance of the pattern
data is highly dependent on these parameters. For instance, polymeric samples are
relatively difficult to analyze. It is advised to analyze thick polymeric samples on single
crystal (i.e. noise-free) substrates with an overnight scan. Availability of the crystal unit
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cell parameters of the tested material will also be an advantage since the calculated
diffraction pattern can be compared with experimental data.

2.4.8 Transmission electron microscopy
Transmission electron microscopy (TEM) is an imaging method where a beam of
electrons is used instead of a beam of light as in a conventional optical microscope. TEM
allows imaging at angstrom level due to very short wavelengths of electron beams at
picometer range. One can also identify the crystalline regions of the sample by measuring
the electron diffraction at desired locations. One should consider the possibility of
altering the sample structure (e.g. changing crystalline phases) with high energy electron
beams. It is also important to check different sections of the sample for confidence in
results because the field of view is relatively local in TEM.

dL

Figure 2-14: Schematic of elastic scattering of x-ray beams according to Bragg’s law.
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2.4.9 Profilometer measurements
A profilometer is an instrument for measuring surface features in terms of length,
height, depth, and roughness. In this study, a profilometer is used for measuring PPX film
thickness by moving the profilometer probe across a step-height separating the substrate
and film surface.

2.5 Computational modeling of oblique angle deposition
Computational studies regarding oblique angle deposition were generally
conducted for experimental data validation [30,64-70]. In a realistic model, large number
of particles needs to be simulated and this brings difficulties in terms of simulation time
and level of detail in the model. Common strategy is to simulate a particular stage of film
growth and/or represent many molecules as a single particle in the simulations [30,65].
Generally, the number of simulated particles is at the order of 106.
In reality, oblique angle deposition process covers a time period of seconds to
minutes. Such long time scales are inaccessible with high detail methods such as
molecular dynamics. Monte Carlo (MC) is a preferred algorithm for oblique angle
deposition, but the simulation time is still limited. Nevertheless, reported studies show
the effectiveness of MC simulations by comparing the experimental results to the
computational results for parameters such as surface roughness, power-law scaling
exponent, quasi-periodicity, and column tilt angle [30, 67]. Certain simplifications such
as two dimensional models, periodic boundary conditions, and elimination of bonded
and/or non-bonded interactions help saving computational time.
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Deposition of polymeric materials has been studied with continuum models
[71,72] and MC models [73]. However, there has been no reported study about oblique
angle deposition of polymers. One of the objectives in this thesis is to provide a
computational model for nanostructured polymeric films. Results and discussions
regarding the developed model are presented in Chapter 5.
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Chapter 3
Specimen Preparation and Experimental Methods

3.1 Dimer synthesis: Derivatives of [2.2]paracyclophane
[2.2]paracyclophane derivatives have the same polymer backbone but their
aromatic and/or aliphatic atoms are replaced by other atoms or chemical groups (e.g.
halogens, amine, ketone, ester, etc). In this study, we used three [2.2]paracyclophane
halogen derivatives: dichloro[2.2]-paracyclophane, 4-trifluoroacetyl[2.2]paracyclophane,
and dibromo[2.2]-paracyclophane (see Table 3-1). Dichloro[2.2]-paracyclophane is a
commercially available compound, but the remaining two dimer types were synthesized
in our lab. Polymer forms of these dimers are called poly(chloro-p-xylylene), poly(otrifluoroacetyl-p-xylylene-co-p-xylylene), and poly(bromo-p-xylylene), respectively. For
convenience, they will be called as PPX-Cl, PPX-COCF3, and PPX-Br.
We adopted the method of Reich et al. [74] and Lahann et al. [75] to synthesize
the dimer forms of PPX-Br, and PPX-COCF3 respectively. Briefly, bromization of
[2.2]paracyclophane (85% yield) lead to the final product, dibromo[2.2]paracyclophane.
4-trifluoroacetyl[2.2]paracyclophane was synthesized by Friedel-Crafts acylation (93%
yield). Substituted paracyclophanes were then polymerized into PPX-Cl, PPX-Br and
PPX-COCF3 during deposition.
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Table 3-1: Chemical structures of synthesized [2.2]paracyclophane halogen derivatives
Name

Structure

Dichloro[2.2]-paracyclophane [79]
(purchased from by SCS Coating Inc)

4-trifluoroacetyl[2.2]paracyclophane [80]
(synthesized)

Dibromo[2.2]-paracyclophane [74]
(synthesized)

3.2 Oblique angle deposition of nanostructured PPX films

3.2.1 Columnar PPX films
Columnar PPX films were deposited on stationary substrates from a directional
vapor source in an evacuated chamber [56]. The substrate was oriented obliquely relative
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to the vapor flux at an incidence angle α (10° unless notified) as in Figure 3-1, which
created a porous and low-density thin film of columns inclined at an angle β where β ≥ α.
Fabrication of the nanostructured PPX films started with one of the
paracyclophane dimers listed in Table 3-1, which was placed in an evacuated chamber
and converted to a reactive vapor of monomers by pyrolysis. The deposition rate and the
deposition pressure were controlled by the evaporation temperature (150-175°C) and the
pyrolysis temperature (650-690°C) of the dimer. Angle of incidence for monomer vapor
was held fixed with respect to the substrate (α=10° unless notified). Required amount of
the dimer was inserted into the vaporizer for each deposition, and the vapor pressure was
maintained at ~1.3 Pa (10 mTorr). The deposition processes took 10 minutes after the
required vacuum level has been achieved. PPX films were deposited on both glass and
silicon substrates. Substrates were cleaned with HCl/CH3OH (1:1 vol/vol), deionized
water, and concentrated H2SO4, successively. Adherence of PPX film to silicon substrates
were increased by a self assembled styrylethyltrimethoxysilane (Gelest, PA) monolayer
[76]. Then, the substrate was baked on a hotplate at 160°C for 5 minutes to finalize the
dehydration reaction forming the siloxane bond between the monolayer and substrate.
Uniformity of the monolayer and thickness was tested by nanoshaving method with
atomic force microscope (AFM) [77]. Basically, a portion of the monolayer covered
surface (e.g. 100x100 nm2 area) was scanned with a high force on the AFM tip so that the
scanned portion was practically ‘shaved’. A step-height difference near the shaved region
proved the existence of a monolayer on the substrate.

40

Figure 3-1: Flow chart of deposition of nanostructured PPX films, showing the
paracyclophane chemistry together with the vapor deposition technique. Columns grow
with an inclined angle β, when the vapor flux is directed at an incidence angle α ≤ β.
Side groups R1, R2, R3 and R4 were one of Cl, Br, or COCF3 groups in this study.

3.2.2 Helical PPX films
Helical PPX film deposition was same as in columnar films with one exception.
The substrate was rotated around z-axis during polymerization process. Rotational speed
of the substrate (ω) was kept constant (0.1 rev/sec) for fixed helical pitch. It is also
possible to alter the rotational speed for variable helical pitches. If the speed is kept too
low, helical pitch would be too high and practically there would be no helix, but a straight
column. Similarly, at very high speeds, helical pitch would diminish and morphology
would approach to a vertical column [78].
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3.3 Post-deposition treatments
Post deposition treatments may include physical or chemical methods. Annealing
of PPX films was one of the physical methods used in this study. Different studies
verified that annealing of PPX films at certain temperature and time frames increased the
percent film crystallinity and promoted the transformation between crystal phases
[79,80]. Crystalline PPX films are desired for increased mechanical strength, or for
ordered surfaces to be used as templates in preparation of porous metal layers. Annealing
of PPX films were done on a temperature controlled hotplate placed in a glovebag filled
with N2 that would prevent the oxidation of PPX at high temperatures [79].
Chemical modifications on PPX films may be desired for activating the film
surface to be used for metal deposition [19] or changing the hydrophobicity
characteristics of the surface [2]. Nanostructured PPX surfaces can act as template layers
for porous metal deposition through physisorption (adsorption without covalent bonds) of
intermediate chemicals [19]. On the other hand, chemisorption (adsorption with covalent
bonds) of silane groups leads to more hydrophobic and water-repellant surfaces [2]. PPX
offers a wide range of possibilities in terms of film functionalization via physical and/or
chemical binding of chemical agents.
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3.4 Instrumental methods

3.4.1 Scanning electron microscopy (SEM)
SEM images were recorded with a Philips XL-40 system after cleaving the
samples in liquid nitrogen. PPX films were spin coated with a gold layer prior to
imaging.

3.4.2 Atomic force microscopy (AFM)
All surface scans were performed with a Veeco AFM with Nanoscope-E
controller (Veeco Metrology, CA) in ambient air, at room temperature (~20°C), in
contact mode only. Silicon nitride triangular cantilevers (k = 0.58 N/m) having contact
mode tips with nominal radius of 20 nm and cone angle of 35° (DNP series, Veeco
Metrology, CA) were used in all measurements. Tips were cleaned with ethanol and
ultraviolet light prior to measurements. Each sample was scanned three to five times on
different regions for consistency of results. Nanoscope software was used for data
analysis but no tip deconvolution methods were applied [81]. Nanostructured PPX films
were composed of closely packed, very high aspect ratio columns. Therefore, a standard
AFM tip would cause image artifacts due to its large cone angle preventing the tip to
image deep points between columns. On the other hand, AFM was utilized for
investigating the lateral distribution of columns on a surface. Thus, imaging of PPX
columns shorter than they were did not affect the results.
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3.4.3 Thermo gravimetric analysis (TGA)
TGA measurements were performed with a TA Instruments SDT 2960 thermal
analysis system. PPX samples were heated with a rate of 10°C/min under argon gas.
Temperature range was 20°C-900°C.

3.4.4 Contact angle measurement
Static contact angles were measured in ambient air by applying a video
microscope interfaced to a computer (DFTA 1000, First Ten Angstroms, Inc.) to capture
drop images. Deionized water (Barnstead Nanopure II deionizer) was used for contact
angle measurements.

3.4.5 X-ray photoelectron spectroscopy (XPS)
XPS measurements were collected using an Axis Ultra XPS system (Kratos) with
a monochromatic Al Kα X-ray source under high vacuum conditions (10-9 Torr).
Analysis was done with CasaXPS v. 2.1.9 software.

3.4.6 Fourier transmission infrared (FTIR) spectroscopy
The FTIR (Thermo Nicolet IR) and attenuated total reflection (ATR, diamond
crystal) data were collected with respect to silicon wafer reference in air and were
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recorded using Norton-Beer apodization with 4 cm-1 resolution. For each spectrum, 100
scans were co-added.

3.4.7 X-ray diffraction (XRD)
XRD analysis of PPX films were performed with a Scintag X2 x-ray
diffractometer with a copper-Kα radiation source. Patterns were obtained in θ/2θ scan
mode with 0.2° steps and 1.5 second waiting time for each step. Pattern data was
processed with Jade Software (MDI Inc, CA). Percent crystallinity of a sample was
calculated by taking the ratio of areas under crystalline peaks in a pattern to the total area
under the pattern.

3.4.8 Transmission electron microscopy (TEM)
Electron diffraction patterns of PPX films were obtained using a Philips-420
tungsten-based TEM operating at 120 kV. Sections of 80 to 100 nm thicknesses were
taken using a Leica Ultracut UCT Microtome at cryogenic conditions. These sections
were taken parallel to the direction of deposition flux and perpendicular to the surface.
Cut sections were placed on a carbon coated copper grid prior to imaging.
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3.4.9 Profilometer measurements
PPX film thickness was measured with a Tencor P10 profilometer using a
diamond stylus. Scanning parameters for the profilometer were as follows: scan speed
was 20 µm/s, stylus force was 1 mg and sampling rate was 200 Hz.
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Chapter 4
Experimental Results
This chapter is divided into two main parts. First part presents the results
regarding the columnar growth in nanostructured PPX films. Second part presents the
results from material characterization methods performed on nanostructured PPX films.
Results from the computational model are presented in Chapter 5.

4.1 Evolution of columnar morphology: Power-law scaling of PPX columns and
their quasi-periodicity
The growth of nanostructured columnar films is governed by three mechanisms:
(i)

Nucleation and growth [82,83],

(ii)

Geometrical self-shadowing [84],

(iii)

Surface and bulk diffusion leading to oriented crystallization [23,25].

Nanostructured films of metals, semiconductors, and a few organic dielectrics
have been deposited by oblique-angle vapor deposition methods [23,29,30,38,40,85].
Similar polymeric films have been grown by an oblique-angle molecular beam deposition
method at the atomistic length scale, but not at larger length scales [86]. The formation of
nanostructured PPX films must have been influenced by a combination of nucleation
common in thin films with bond formation (i.e. polymerization), in addition to the
aforementioned three mechanisms [31,87,88]. Columnar growth in non-polymeric
materials has been experimentally investigated by many groups [29,30,38-40,89]. In this
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thesis, columnar growth in polymeric nanostructured films is investigated for the first
time.
Growth of columns in nanostructured films is quantified in terms of column
height h, column diameter d, number of surviving columns/µm2 (or column number
density) n, and wavelength of column periodicity λ. These quantities can be related to
each other through allometric relations:

d = ch p
λ = c λ h pλ

Eq. 4.2

n = c n h pn

Eq. 4.3

Eq. 4.1

where c, cλ, cn are constants and p, pλ, pn are characteristic exponents in Eq. 4.1-Eq. 4.3.
Nanostructured PPX films showed a unique morphology when compared to their
bulk counterparts. Oblique angle deposition of PPX resulted in a dense array of columns
with very high aspect ratios. Growth of these columns followed a similar pattern
recognized in non-polymeric columnar films which includes geometrical self-shadowing
with competitive growth as well as surface and bulk diffusion of deposited particles [23].
Columnar growth began with nucleation sites on the substrate. Then, columns started to
grow towards the incoming vapor flux in a competitive process such that faster growing
columns inhibited the growth of shadowed ones in the direction of the vapor flux. Initial
stages of columnar growth in PPX films were characterized by AFM as shown in
Figure 4-1. Initially, a monolayer (~1-5 nm root-mean-square (RMS) roughness) formed
on the substrate (Figure 4-1a). Then, columns started to grow towards incoming vapor,
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and the areas between columns were shadowed due to oblique incoming flux (Figure 41b).
As deposition proceeded, columns got wider proportional to their height as in
Eq. 4.1. Power-law scaling of oblique angle deposited metals and dielectrics has been
studied by different groups [29,30,39,89]. Columns in nanostructured PPX derivative
films also obeyed this mechanism [31]. A single exponent, p, was used in Eq. 4.1 due to
the isotropy of the columns as shown with 2-dimensional fast Fourier transformed (FFT)
images in Figure 4-1 insets [90]. In other words, column size was represented with a
single, direction independent parameter, which was the column diameter. Values of p for
PPX-COCF3, PPX-Cl, and PPX-Br films were calculated as 0.15 ± 0.01, 0.11 ± 0.01, and
0.18 ± 0.01, respectively at a deposition angle α=10°.
Karabacak et al. reported p values around 0.31 for non-polymeric materials and
they argued that p values smaller than 0.50 are associated with particle diffusion during
deposition process [39]. However, the power-law exponent p does not only depend on the
existence of surface diffusion and self-shadowing processes, but also on deposited
material and deposition angle (α) as reported by Buzea et al. [29] In the study of Buzea et
al., p was between 0.30-0.60 for silicon films deposited with α=1°-15° [29]. On the other
hand, nanostructured PPX films deposited at α=15° had close p values (0.14 ± 0.01, 0.13
± 0.01, and 0.19 ± 0.02 for PPX-COCF3, PPX-Cl, and PPX-Br, respectively) to films
deposited at α=10°.
Compared to the results from Karabacak et al. [39], PPX p values were in the
higher diffusion range. Although the exact dependence between surface diffusion and
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(a)

(b)
Figure 4-1: AFM images of (a) nucleation and (b) growth of PPX columns during
oblique-angle deposition (scale bars for the AFM scan: X:1 µm/div, Y:1 µm/div, Z:50
nm/div). Insets are the 2D-FFTs for each surface.

columnar expansion is unknown for polymeric materials, it is clear that PPX-Cl
monomers experienced a higher surface diffusion compared to the PPX-COCF3 and PPX-
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Br monomers due to lower p value for PPX-Cl. Figure 4-2 shows the plots representing
power-law scaling of columns for nanostructured PPX films deposited at α=10° and
α=15°. Oblique angle vapor deposition polymerization (VDP) is very different from the
oblique angle deposition of non-polymeric materials where the surface diffusion is lower.
The reactive monomer has to search for the end of the polymer after it has condensed on
the substrate [47] since this is where the polymerization reaction occurs [91]. Therefore,
surface diffusion of PPX monomers should be higher in contrast to traditional oblique
angle deposition processes. Smaller exponential values for nanostructured PPX films
supported this idea.
Lateral periodicity in columnar PPX films was also investigated. The variation in
periodicity was compared for different stages of columnar growth. Periodicity of the
columns was measured by power spectral density (PSD) method. Two dimensional PSD
function is defined as,

1 1
PSD =
dx ∫ e i ( ux + vy ) h( x, y )dy
∫
A 2π

2

Eq. 4.4

where, h(x,y) is the height at location (x,y), u and v are frequencies in x and y directions,
and A is the scanned area. Here, PSD is a function of lateral frequencies u and v, and the
integrations are done over all data points (x,y) on the surface. If the surface is isotropic, a
single frequency f = [u2+v2]1/2 can be evaluated in the PSD function. Peak PSD frequency
(fmax) and the corresponding peak wavelength (λ=2π/fmax) were estimated by fitting a
Gaussian curve to the experimental PSD data points. By definition, peak PSD wavelength
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Figure 4-2: Power-law scaling regarding columnar growth in nanostructured PPXCOCF3, PPX-Cl, and PPX-Br films deposited at (a) α=10° and (b) α=15°. Solid lines and
error bars represent the best fits and standard deviations based on three sets of
measurements, respectively. The inset in (a) shows the convergence of column diameter
as a function of column height for all three film types.
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shows the periodic spacing between dominant surface features. Therefore, peak PSD
wavelength refers to the periodic column spacing in nanostructured PPX films.
PSD provides both lateral and vertical information about surface features, and
yields the relative weight of a surface feature with respect to its spatial frequency [92].
Figure 4-3 shows the results from two dimensional PSD functions performed on AFM
scans of PPX films deposited at α=10°. Results from 5 µm surface scans are presented
here, but 1 µm and 2 µm scans were also tested in order to cover a sufficiently large
spatial frequency and to ensure consistency between results from different scan sizes
[92]. Small surface features or experimental noise during AFM measurements appeared
at the high frequency regions of the PSD plots. On the other hand, major surface defects
appeared at the low frequencies. Same observations were valid for films deposited at
α=15°.
Figure 4-3 shows the existence of lateral periodicity in columnar morphology of
nanostructured PPX films. Each curve in Figure 4-3 represents a certain column height
(h) and the PSD peaks shift towards lower frequencies as the column height increases.
One can relate peak PSD wavelength (or periodic column spacing), λ, at different column
heights with an allometric relationship as in Eq. 4.2. For depositions at α=10°, exponent
pλ for PPX-COCF3, PPX-Cl, and PPX-Br films was calculated as 0.28 ± 0.01, 0.10 ±
0.01, 0.25 ± 0.04, respectively. For depositions at α=15°, exponent pλ for PPX-COCF3,
PPX-Cl, and PPX-Br films was calculated as 0.23 ± 0.04, 0.17 ± 0.02, 0.21 ± 0.02,
respectively. The changes in pλ values were due to changes in column spacing on a
surface which was strictly dependent on the deposition angle (α). Non-polymeric
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columnar films had much higher pλ values. For instance, Tang et al. reported a pλ value of
0.55 for ruthenium columnar films [89]. Figure 4-4 and Figure 4-5 show the plots of peak
PSD wavelength (λ) as a function of column height (h) in PPX films deposited at α=10°
and α=15°. Existence of critical thickness for columnar growth is shown in Figure 4-5 by
the saturated values of λ.
PPX columns expanded as they grew during the deposition process.
Consequently, columnar expansion led to competitive growth due to increasing shadowed
areas and the number of surviving columns (n) decreased as the column height increased.
The number of surviving columns per unit area (or column number density), n, can be
expressed as a function of column height, h, as in Eq. 4.3. For depositions at α=10°,
exponent pn for PPX-COCF3, PPX-Cl, and PPX-Br films was -0.64 ± 0.01, -0.18 ± 0.04, 0.56 ± 0.10, respectively. For depositions at α=15°, exponent pn for PPX-COCF3, PPXCl, and PPX-Br films was -0.43 ± 0.06, -0.30 ± 0.01, -0.47 ± 0.06, respectively.
Magnitude of pn was found much higher for non-polymeric films. Tang et al. reported an
exponential value of -0.96 for ruthenium films deposited at oblique angle [89]. Figure 4-6
and Figure 4-7 show the plots representing number of surviving columns (n) at different
column heights (h) for films deposited at α=10° and α=15°, respectively.
The exponent pλ can be correlated to pn by using a relationship between the
number of surviving columns per unit area (n) and the peak PSD wavelength (λ).
Theoretically, substitution of Eq. 4.2 into Eq. 4.3 should give pλ = -½pn (i.e., assuming
λ2~1/n). The experimental values for the pλ /pn ratio are listed in Table 4-1 for PPXCOCF3, PPX-Cl and PPX-Br films. The experimental results were in good agreement
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Figure 4-3: Two dimensional isotropic PSD function vs spatial frequency plots for
nanostructured (a) PPX-COCF3, (b) PPX-Cl, and (c) PPX-Br films (deposited at α=10°)
at different column heights (h1, h2, h3, and h4) are shown. Films deposited at α=15°
showed the same trend.
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Figure 4-4: Peak PSD wavelength, λ, vs column height, h, plots for nanostructured (a)
PPX-COCF3, (b) PPX-Cl, and (c) PPX-Br films deposited at α=10°. Solid lines represent
the best fits and error bars are the deviations based on three sets of measurements.
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Figure 4-5: Peak PSD wavelength, λ, vs column height, h, plots for nanostructured (a)
PPX-COCF3, (b) PPX-Cl, and (c) PPX-Br films deposited at α=15°. Solid lines represent
the best fits and error bars are the deviations based on three sets of measurements.
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with the theoretically predicted ratio pλ /pn (= -0.50) at different deposition angles.
The changes in number of surviving columns (n) in Figure 4-6 and Figure 4-7
indicate that columns continued to expand until a critical film thickness was achieved.
Same behavior was also observed in non-polymeric oblique angle deposited films
[30,39,40]. Columnar expansion led to a competitive growth due to increasing shadowed
areas between columns. Therefore, the number of surviving columns (n) decreased as the
column height (h) increased. After the critical thickness, column diameter (d) saturated
(see Figure 4-2a inset and Figure 4-2b) while column spacing (λ) approached a constant
value (see Figure 4-5), and the number of surviving columns per unit area (n) did not
change (see Figure 4-6 and Figure 4-7). The critical film thicknesses for the PPX-Br and
PPX-Cl films were approximately 1µm, and for PPX-COCF3 films it was approximately
400 nm. These numbers were based on the number of surviving columns per unit area
(n) in columnar PPX films. Columnar PPX-COCF3 films were grown at a higher vapor
pressure (i.e., faster growth rate in vertical and lateral directions) than the other two films.
Hence, a critical film thickness was expected at a lower height than columnar PPX-Cl
and PPX-Br films.
Based on the presented data, a three-step growth model for columnar PPX films is
proposed: First, a thin PPX film grows on a smooth surface (Figure 4-8a). At this early
stage, surface roughness is destabilized by a geometric shadowing process. The vapor
flux arrives at an oblique angle which leads to the formation of higher surface features
due to geometric shadowing process. The higher surface features (columns) shadow a
nearby region of lower surface heights (Figure 4-8b). All of the incident atoms that
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Figure 4-6: Number of survived columns/µm2, n, vs column height, h, plots for
nanostructured (a) PPX-COCF3, (b) PPX-Cl, and (c) PPX-Br films deposited at α=10°.
Solid lines represent the best fits and error bars are the deviations based on three sets of
measurement.
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Figure 4-7: Number of survived columns/µm2, n, vs column height, h, plots for
nanostructured (a) PPX-COCF3, (b) PPX-Cl, and (c) PPX-Br films deposited at α=15°.
Solid lines represent the best fits and error bars are the deviations based on three sets of
measurement.
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approach this region are captured by the higher columns. In order to fill the shadowed
areas between columns, incoming particles must undergo very large number of hops.
Shadowing length can be calculated from simple geometric consideration as hs =
h/tan(α). For example, for a deposition angle of α=10°, the columns are 30 nm tall in
Figure 4-1b. The corresponding shadowing length, hs, (30/tan(10°)) is 170 nm which
agrees well with separation of columns (~200 nm) experimentally shown in Figure 4-1b.
Second, as the film gets thicker, columns get wider proportional to the column
height (Figure 4-8c). Diffusion on the column surface and incoming flux rate affect this
step. It was estimated that columnar growth was faster (~ 50-100nm/sec) in polymeric
films compared to the growth of non-polymeric films. This was due to high surface
diffusion on polymeric films. The diffusion of PPX monomers should be higher in

Table 4-1: Calculated values of cn, pn, cλ and pλ in Eq. 4.2 and Eq. 4.3. α is the
deposition angle of the films.
Film type
PPXCOCF3

α

cn

pn

cλ

pλ

pλ/ pn

41.80±2.05

0.28±0.01

0.44

15° 855.231±212.07 -0.43±0.06 49.86±12.17 0.23±0.04

0.53

10°

182.59±29.04

-0.18±0.04

71.04±3.64

0.10±0.01

0.56

15°

500.06±15.53

-0.30±0.01

59.67±5.53

0.17±0.02

0.57

10° 1515.12±718.81 -0.56±0.10

31.83±9.21

0.25±0.04

0.45

15° 1223.35±331.92 -0.47±0.06

53.45±8.15

0.21±0.02

0.45

10° 1699.24±313.11 -0.64±0.01

PPX-Cl

PPX-Br

61
contrast to traditional oblique angle deposition processes because the polymerization
reaction occurs only at the ends of a polymer chain [91]. Please note that the reactive
monomer has to search for the end of the polymer after it has condensed on the substrate.
Finally, the number of surviving columns per unit area (n) decreases as the film
deposits until a critical thickness. The columns continue to grow uniformly (Figure 4-8d)
with constant spacing (λ) and constant population (n) after the critical thickness (~1µm).
All three films had a similar number of columns per square micron area (40, 50, and 60
for PPX-Br, PPX-COCF3, and PPX-Cl respectively). After critical thickness, the average
distance between columns was estimated as 200-250 nm from the peak PSD wavelength
(λ) data.

4.2 Experimental methods for section 4.1
The specific methods regarding the results in the preceding section are presented
here. Instrumentation details are provided in section 3.4.
Column height: Film thickness was measured by a profilometer and the column
height was related to the film thickness divided by the slanting angle, β, of the columns.
Slanting angles for PPX columns were measured from cross sectional SEM images.
Data acquisition and preparation: AFM topography images were acquired with
Nanoscope Software (Veeco Metrology, CA). Each measurement was replicated three
times and averaged results were presented. AFM topography images were modified with
the “highpass” tool of Nanoscope Software prior to further analysis. Highpass calculated
the weighted difference between a pixel in the image and its eight neighbors. This data
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(a)

~30 nm

(b)

(c)

(d)
Figure 4-8: Schematic of growth model for columnar PPX films. (a) Early stage
roughness, (b) geometric shadowing and columnar growth, (c) column expansion prior to
critical film thickness, and (d) growth after critical film thickness are shown.
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point was then replaced by the calculated difference. This operation was beneficial in
highlighting edges of the columns. Image quality was kept at 256 x 256 pixels.
Data analysis: Column boundaries were located from the recorded AFM images
in order to generate input for the PSD, fast Fourier transform (FFT), and column diameter
calculations. PSD calculations were completed with Nanoscope Software using 5 µm
scans. FFT and column sizes were calculated with ImageJ software using 2 µm scans
[93]. Threshold adjustment was applied to 2 µm scans for column detection, where the
column edges were identified automatically. The column diameter measurements were
also repeated manually. There were slight variations in the calculated values of column
diameters due to accuracy of edge detection (see Table 4-2). Number of columns per unit
area (n) was measured by manual counting of columns in an AFM image.

4.3 Characterization of nanostructured PPX films

4.3.1 Scanning electron microscopy (SEM) measurements
The difference between nanostructured and planar (flat) PPX films can be seen in
Figure 4-9a. Planar films that were deposited with a vertical angle (α=90°) did not show
a structured morphology. Nanostructured films, on the other hand, were deposited at an
oblique angle (α=10°). Figure 4-9(b,c) and Figure 4-10 show cross-section SEM
micrographs of helical, chevronic and columnar PPX films, respectively. These
nanostructured PPX films were assemblies of fibers with 0.1-50 µm height. For the sake
of simplicity, columnar, chevronic and helical fiber assemblies are all referred to as
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Table 4-2: Calculated values of c and p in Eq. 4.1. Terms ‘manual’ and ‘automated’ refer
to the column detection method for estimating column sizes. α is the deposition angle.
Film type
PPX-COCF3

PPX-Cl

PPX-Br

α

c (manual)

p (manual)

c (automated)

p (automated)

10°

96.75±26.97

0.11±0.04

47.68±4.00

0.15±0.01

15°

49.22±8.12

0.14±0.03

37.57±2.71

0.14±0.01

10°

92.21±1.82

0.08±0.00

55.20±2.23

0.11±0.01

15°

43.77±9.20

0.14±0.03

36.13±2.90

0.13±0.01

10°

50.76±11.67

0.18±0.03

37.92±1.84

0.18±0.01

15°

32.45±11.78

0.22±0.06

29.27±4.22

0.19±0.02

columns. The AFM measurements showed that the each column had an average diameter
of 150 nm. The aspect ratio (h/d) of a column is the ratio of its height (h) to its diameter
(d). Thus, nanostructured PPX films had an aspect ratio more than 100:1 [9,57].

4.3.2 Atomic force microscopy (AFM) measurements
AFM was used for comparing the surfaces of columnar and planar PPX films.
Figure 4-11 shows the difference between nanostructured and planar PPX films. Planar
films were much smoother than columnar films since they were deposited without
oblique incidence (i.e. α=90°), so they did not possess a columnar morphology. Table 4-3
shows root-mean-square (RMS) surface roughness, three dimensional surface area, and
number of columns in a 4 µm2 area region for nanostructured and planar PPX films.
Nanostructured PPX films were composed of densely aligned columns numbering
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(a)

(b)

(c)
Figure 4-9: SEM cross-section images of (a) planar and (b) helical and (c) chevronic
PPX-Cl films.
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(a)

(b)

(c)
Figure 4-10: SEM cross-section images of (a) PPX-Br, (b) PPX-Cl, and (c) PPX-COCF3
columnar films.
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(a)

(c)

(e)

(b)

(d)

(f)

Figure 4-11: Surface topography images of PPX-Br (a,b), PPX-Cl (c,d), PPX-COCF3
(e,f) films. Planar films (a,c,e) have a smooth surface, whereas columnar films (b,d,f) are
rough. Scale bars: 250nm/div in z-direction, 1um/div in lateral directions.
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approximately 40,000,000 columns per square millimeter of area.
Planar films had lower surface roughness compared to columnar films.
Consequently, three dimensional surface area was much lower for planar films.
Theoretically, three dimensional surface area for a columnar film can be estimated by a
simple calculation: If each column has diameter d and height h, and there are 40
individual columns per 1 µm2 area, total surface area becomes:

Acol = 40(πdh) + Atop + Asubstrate

Eq. 4.5

where Atop and Asubstrate are the top surface area of all columns, and the non-occupied
space on the substrate, respectively (i.e. Atop+Asubstrate=1 µm2). For high aspect ratio
columns, Atop and Asubstrate can be neglected. Assuming a 100:1 aspect ratio for columns
(i.e. h=100d), Acol ≈ 4000πd2. Average column diameter for a high aspect ratio film
approaches 150 nm (see Figure 4-2 inset). Therefore, Acol = 283 µm2 for a 100:1 aspect
ratio film. A planar film on the other hand, has 1 µm2 surface area. It is clear that three
dimensional surface area is linearly dependent on the film aspect ratio. As film aspect
ratio increases, film area also increases. Surface area values in Table 4-3 are far from the
expected value since the AFM tip was not sharp enough to travel deeper regions between
columns. Real surface areas of columnar films were measured with BET (BrunauerEmmett-Teller) method. Ryan et al. [94] reported that columnar SiO2 films had 100 to
400 times higher surface area than planar films, which is close to the calculated value.
Similarly, BET results for nanostructured PPX films showed that nanostructured film
surface area was 100-400 times higher than the planar film surface area.

69
Table 4-3: Measured surface quantities for nanostructured and planar PPX films. Values
are given for 2µm x 2µm base area. Errors are deviations based on five measurements.
Film type
Nanostructured
PPX-COCF3
Nanostructured
PPX-Cl
Nanostructured
PPX-Br
Planar PPXCOCF3
Planar PPX-Cl
Planar PPX-Br

Number of Columns 3D Surface area RMS Surface roughness
(nm)
(µm2)
62.9 ± 8.1
152 ± 19
5.20 ± 0.14
150 ± 6

5.13 ± 0.06

46.3 ± 5.0

181 ± 20

5.17 ± 0.06

68.0 ± 14.5

N/A

4.18 ± 0.05

17.6 ± 2.3

N/A

4.07 ± 0.01

7.9 ± 0.8

N/A

4.02 ± 0.01

4.8 ± 1.3

4.3.3 Thermo gravimetric analysis
Thermal analysis results for helical PPX-Cl films are shown in Figure 4-12. The
nanostructured sample started losing weight at 458 °C and gross decomposition of the
nanostructured sample happened at 495 °C, which was indicated by highest rate of
weight loss (see Figure 4-12). After 600 °C, only 33% of the initial sample weight was
remained. The decomposition temperature for nanostructured PPX-Cl films agreed with
the values for planar PPX derivatives reported in literature [95,96]. Thermal analysis of
nanostructured PPX films showed the existence of polymer phase encountered in planar
PPX films.
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Figure 4-12: Thermo gravimetric analysis results for helical PPX-Cl films.

4.3.4 Contact angle measurements
Contact angle measurements were performed with 30 µl water droplets in ambient
air. As shown in Figure 4-13, PPX derivative films had different hydrophobicity based on
their morphology. Planar PPX films were much less hydrophobic than nanostructured
PPX films. Introduction of a columnar morphology increased the contact angle by 35°50°. Hydrophobicity of the films was also dependent on the PPX chemistry. The
substituted chemical groups in PPX backbone (i.e. Cl, Br, COCF3 groups) changed
surface energy and the contact angle. PPX-COCF3, PPX-Cl, and PPX-Br films showed
decreasing hydrophobicity both in planar and columnar morphologies.
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Hydrophobicity and roll-off angle (tilting angle of the surface that causes droplet
to roll-off) are generally thought to be inversely related. One expects a low roll-off angle
(<10°) for a liquid on a hydrophobic surface. However, recent studies showed that this
was not necessarily true. For instance, Jin et al. reported that a water droplet may not
slide even at a 180° tilting angle while having a static contact angle of 162° on a
structured polystyrene surface [3]. Similarly, nanostructured PPX films exhibited
adhesive and hydrophobic behaviors at the same time [2]. Figure 4-14 shows the contact
angle images for nanostructured PPX-COCF3 films tilted 90° and 180° from horizontal
position. When the tilting angle was 180°, the contact angle for nanostructured COCF3
film was ~125° for a 30 µl water droplet. Based on this observation, one can find the
pressure induced by the weight of the droplet on the film surface as in Figure 4-14c:

Pdrop =

ρVdrop g
Adrop

Eq. 4.6

where Vdrop is the droplet volume (30 µl), ρ is the density of water (1 kg/l), g is the
gravitational acceleration (9.81 m/s2), and Adrop is the contact area between droplet and
the film:

Adrop = φ s (πr 2 )

Eq. 4.7

where r is the radius of the flat region of the droplet and φs is the fraction of the top film
surface occupied by columns, i.e. φs = Atop/Atotal. Given that there are 40 columns with
150 nm diameter on a 1 µm2 total area, φs = 0.71. Assuming a spherical dome for the
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inverted droplet, r can be calculated using the droplet volume Vdrop and contact angle θc
for the inverted droplet [97]:

r=3

3Vdrop

π (1 − cosθ c ) 2 (2 + cosθ c )

Eq. 4.8

For Vdrop=30 µl and θc =125°, radius r=2 mm. Substituting Eq. 4.7 into Eq. 4.6 gives a
pressure of Pdrop=32 Pa induced by 30 µl droplet. In a study by Jin et al., template based
polystyrene nanotube layers were only capable of carrying 8 µl droplets [3]. Such strong
adhesive behavior of nanostructured PPX films requires strong Van der Waals and/or
capillary forces acting on the liquid droplet [2].
Contact angles predicted by Wenzel [59] and Cassie-Baxter [60] wetting regimes
underestimated the experimental values. Therefore, the wetting state for nanostructured
PPX surfaces must be an intermediate between Wenzel and Cassie-Baxter regimes.
Wenzel regime states that liquid is pinned into the structured texture of the surface.
Cassie-Baxter regime mentions the liquid droplet sitting on the textured surface while
trapping the air below itself. In the intermediate regime, the liquid droplet partially fills
the grooves on a rough substrate. In nanostructured PPX films, these grooves were the
spaces between individual columns. Intermediate wetting state also supported the
existence of strong Van der Waals and/or capillary forces on nanostructured PPX films.
Although further discussion about the hydrophobicity of nanostructured PPX
films is out of scope, it should be noted that hydrophobicity and adhesive behavior of
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Figure 4-13: Contact angle images for (a) planar PPX-COCF3 (88±3 º), (b) planar PPXCl (87±2º), (c) planar PPX-Br (80±2°), (d) columnar PPX-COCF3 (135.7±4.0º), (e)
columnar PPX-Cl (119.3±1.2 º), and (f) columnar PPX-Br (115.2±1.4º) films. Contact
angle values are given in parentheses for each film.

(a)

(b)

(c)

Figure 4-14: Contact angle images of a water droplet on columnar PPX-COCF3 film with
a tilting angle of (a) 0°, (b) 90° and (c) 180°.

nanostructured PPX films could be manipulated during deposition (e.g. altering
deposition angle or PPX chemistry) or after deposition by chemical treatments as
reported by Boduroglu et al. [2]
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4.3.5 X-ray photoelectron spectroscopy (XPS) measurements
XPS allows the surface characterization of a sample in terms of chemical
composition. In this study, XPS was used for identifying the chemical composition of
nanostructured and planar PPX-Cl films. In PPX-Cl, a chlorine atom was bonded to one
of the aromatic carbons in a PPX-Cl monomer. Figure 4-15 shows the XPS spectra
including carbon (285 eV) and chlorine peaks (272 and 201eV) for helical and planar
PPX-Cl films. Note that a planar PPX-Cl film did not have any structured morphology. It
was evident that planar and nanostructured PPX films had identical chemical
composition, but they had distinct morphologies due to oblique angle deposition process.

XPS data
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Figure 4-15: Characterization of helical (solid line) and planar (dotted line) PPX-Cl film
by XPS. Note the chemical identity for both films. Profile for planar film is shifted up for
clarity.
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4.3.6 Fourier transmission infrared (FTIR) spectroscopy measurements
FTIR is another chemical characterization method, but unlike XPS it also allows
characterization in depth. By using FTIR spectroscopy, it was possible to see the C-H
stretching frequency at 2900-3000cm-1 and other characteristic peaks for PPX-Cl films
(see Figure 4-16a). The frequency range of FTIR spectroscopy from 500 to 4000 cm-1
indicated excellent agreement between helical and planar PPX-Cl films. Therefore,
oblique angle deposited and planar PPX films were shown to be chemically identical in
depth. Figure 4-16b shows the FTIR spectra for nanostructured PPX-COCF3, PPX-Cl,
and PPX-Br films. Fingerprints for common and distinguishing chemical groups in the
polymers were identified from the FTIR spectra.

4.3.7 X-ray diffraction (XRD) measurements
Control of crystallinity in polymeric materials is crucial for the exhibited physical
and chemical characteristics. Mechanical strength and flexibility is directly related to the
crystalline nature of a material. All polymers that crystallize have, in fact, semicrystalline and amorphous regions. PPX films, as produced by the chemical vapor
deposition process, are typically about 40-50% crystalline [21]. The PPX crystallites tend
to be mostly of the α-phase and PPX is confined to small nanometer domains (see TEM
data in the next section). The α-phase crystalline pattern of PPX-Cl was calculated with
Mercury software [98] according to a monoclinic unit cell with a=596 pm, b=1269 pm, c
(chain axis) =666 pm, and β=135.2° [48]. The calculated pattern was compared with the
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Figure 4-16: FTIR spectra of (a) helical and planar PPX-Cl films, (b) columnar PPXCOCF3, PPX-Cl, and PPX-Br films. Each spectrum is shifted up for clarity.
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experimental data for a helical PPX-Cl film deposited on a single crystal silicon substrate
(see Figure 4-17). Two major peaks, (020) and (1-10), were identified from the XRD
data in Figure 4-17. Since the calculated pattern must be independent of film
morphology, the experimental data showed that nanostructured PPX-Cl films had the
same crystal phases as planar PPX-Cl films.
The semi-crystalline behavior of polymers is of great importance to the physical
and chemical properties exhibited by the material. Therefore, the changes that occur in
the crystal structure of the nanostructured PPX-Cl films were studied as a function of
annealing temperature. A columnar, non-annealed PPX-Cl film deposited on an
amorphous glass substrate showed little crystallinity (see Figure 4-18). The crystallinity
of columnar PPX-Cl films was dependent on annealing temperature. Annealing at 96°C
introduced some of the α- phase peaks in the structure (e.g. 2θ=14°, 22.5°). Annealing
the film at higher temperatures induced higher amount of crystallinity indicated by
sharper diffraction peaks. Films annealed at 218 °C for 12 minutes had higher
crystallinity compared to the films annealed at 198 °C for 2 minutes and at 96 °C for 2
hours. Annealing at higher temperatures was important for two reasons: (i) The required
annealing time was decreased and (ii) new crystalline phases were observed only after
certain temperature thresholds were surpassed. For instance, a new crystalline peak at
2θ=31° emerged after annealing the nanostructured PPX film at 248 °C. It was reported
that annealing of bulk PPX films (without substituted chemical groups) above 200 °C
induces the β-crystalline phase in which the polymer backbone is rotated 90° with respect
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Figure 4-17: (a) XRD data of helical PPX-Cl film compared to the calculated pattern for
PPX-Cl α-phase crystal. (b) α-phase crystal structure of PPX-Cl. Hydrogen atoms are not
shown for clarity. The first and last carbon atoms in the crystal lattice represent the
repeating unit along the polymer chain.
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Figure 4-18: Calculated α-pattern of PPX-Cl and measured diffraction patterns of
annealed columnar PPX-Cl films. Each pattern belongs to a separate sample. Patterns are
vertically shifted for clarity.

to the α-phase and the polymer chains are confined into a hexagonal unit cell (see
Figure 4-19) [99,100]. Although our data clearly showed the α-phase crystallinity
observed in columnar PPX films, β-phase still needs to be investigated.

4.3.8 Transmission electron microscopy (TEM) measurements
Figure 4-20a shows the electron diffraction pattern of PPX-Cl columns obtained
from cross sectional TEM analysis. Depending on the inspected location, the columns

80
had crystalline regions belonging to α-phase. Two major peaks, (0,-2,1) and (1,-3,-1),
were identified from the electron diffraction data at certain locations. There were also
amorphous regions on the cross section that showed no crystallinity. X-ray and electron
diffraction data showed that PPX columns grew in a semi-crystalline manner during
deposition. Figure 4-20b illustrates the crystallinity of nanostructured PPX films.

(a)

(b)
Figure 4-19: Orientation of PPX chains in (a) α-phase and (b) β-phase crystals.
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021

(a)

(b)
Figure 4-20: (a) Electron diffraction pattern of PPX-Cl film and corresponding
crystalline indices are shown. (b) Illustration of crystallinity in nanostructured PPX films.
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Chapter 5
Computational modeling of nanostructured PPX films and results
Oblique angle polymerization was simulated with a two dimensional Monte Carlo
model based on two different deposition algorithms: (i) Polymer algorithm and (ii) nonpolymer algorithm. Polymer algorithm simulated depositing particles by incorporating
them into growing chains. Non-polymer algorithm simulated depositing particles by
letting them cluster without any site restrictions as in the polymer algorithm.
Applicability of each algorithm will be discussed for oblique angle deposited polymeric
films. The computational results regarding each algorithm will be compared with
experimental results for power-law scaling of nanostructured PPX films. As an
introduction, a summary of scaling concepts is provided.

5.1 Scaling concepts
Scaling concepts were initially studied for the roughness evolution of surfaces
under particle deposition [101]. A surface is the set of particles that occupy the outermost
layer of a material. Surface growth can be quantified with two functions:
(1) The mean height of the surface:

h (t ) =

1

Lsubx

Lsubx

i =1

∑ h(i, t )

Eq. 5.1
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where h(i,t) is the height of a growing segment i along the substrate surface, at deposition
time t and Lsubx is the substrate length in x-direction. A constant flux of arriving particles
(i.e. constant number of deposited particles per unit time) suggests that mean height is
linearly proportional to time [101]:

h (t ) ~ t

Eq. 5.2

Therefore, mean height and time are interchangeable parameters in conventional scaling
concepts.
(2) Root-mean-square (RMS) surface roughness (the interface width):

w( Lsubx , t ) =

1

Lsubx

Lsubx

i =1

∑ [h(i, t ) − h (t )]

2

Eq. 5.3

where at t=0 the roughness is assumed to be zero. Evolution of surface roughness with
time is formulized in two parts [101]:
(i) Surface roughness is proportional to deposition time, t, in an allometric
(power-law) relationship until a saturation time, tsat is achieved.

w( Lsubx , t ) ~ t b , [t << t sat ]

Eq. 5.4

(ii) After saturation time tsat is achieved, surface roughness saturates to a value,
wsat. wsat is proportional to the substrate length Lsubx in an allometric relationship.

wsat ( Lsubx ) ~ Lsubx , [t >> t sat ]
a

Eq. 5.5

Exponent b indicates a continuous scaling process, whereas exponent a shows a discrete
scaling process with respect to deposition time. Please note that Eq. 5.5 assumes the
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deposition process to be isotropic in lateral directions. Therefore, all scaling concepts are
also applicable in y direction (i.e. Lsubx ≡ Lsuby).
Saturation time, tsat, is also proportional to substrate length, Lsubx:

t sat ~ Lzsubx

Eq. 5.6

According to dynamic scaling theory, exponents a, b, and z are not independent. By
approaching the saturation point wsat from left and right, one can solve Eq. 5.4-Eq. 5.6
together. After setting t=tsat in Eq. 5.4 and substituting Eq. 5.6, one can use Eq. 5.5 and
extract the exponents of Lsubx from both sides:

z = a/b

Eq. 5.7

Eq. 5.5 and Eq. 5.6 suggest that saturation of surface roughness indicates a finite size
effect since wsat and tsat would not be achieved for an infinitely large substrate (i.e. if Lsubx
→ ∞, {wsat, tsat}→ ∞). A characteristic distance, correlation length (ξ||), is defined such
that surface features are ‘aware of each other’ over ξ|| at time t. ξ|| is zero at the beginning
of deposition and it reaches the substrate size at saturation time so that all surface features
are correlated with each other:

ξ|| ~ Lsubx , [t >> t sat ]

Eq. 5.8

Furthermore, the correlation length evolves over deposition time (see [101] for proof):

ξ || ~ t 1 / z , [t << t sat ]

Eq. 5.9

Scaling parameters discussed so far are applicable for thin films deposited by
normal incidence. In oblique angle deposition, scaling of columnar morphology is studied
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by assigning similar parameters as in dynamic scaling theory [29,39,89]. Similar to
Eq. 5.4, one can substitute column height for time as the independent variable, and relate
column diameter with column height as follows:

d = ch p

Eq. 5.10

where d is the column diameter, c and p are constants, and h is the height of a column. In
traditional scaling theory, surface height increases linearly with time (see Eq. 5.2).
Therefore, surface height and time are interchangeable parameters. However, in oblique
angle depositions column height (h) is not interchangeable with deposition time (t). The
reason is the non-linear deposition rates in oblique angle deposited films.
Quasi-periodicity of columns in lateral directions is expressed by a characteristic
wavelength, λ, where λ is the periodic spacing between columns and it is a function of
column height:

λ = cλ h p λ

Eq. 5.11

where h is the column height, λ is the peak PSD wavelength at h, and cλ , pλ are
constants. Eq. 5.11 resembles Eq. 5.9 in the sense that surface features are correlated
through a characteristic length. However, Pelliccione et al. showed that dynamic scaling
theory breaks down in oblique angle deposition due to global effects on the growing
surface such as geometric shadowing [102]. Thus, exponent pλ in Eq. 5.11 and exponent
1/z in Eq. 5.9 are not substitutes of each other. At a certain instant, number of columns
per unit area (or column number density) is also dependent on column height:

n = cn h pn

Eq. 5.12
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where h is the column height, n is the number of surviving columns per unit area at height
h, and cn , pn are constants. The exponents p, pn, pλ are characteristic quantities for a
material deposited under certain conditions (e.g. deposition angle, pressure, etc). Similar
to saturation time in dynamic scaling theory, Eq. 5.10-Eq. 5.12 saturate at a critical
thickness due to competitive growth of columns in oblique angle deposition. After
reaching the critical thickness, column diameter (d), number of surviving columns per
unit area (n), and characteristic wavelength (λ) ideally stay constant.
The exponent pλ can be correlated to pn by using a relationship between the
number of surviving columns per unit area (n) and the characteristic wavelength (λ).
Theoretically in a three dimensional system, substitution of Eq. 5.11 into Eq. 5.12 should
give pλ = -½pn (i.e., assuming λ2~1/n). Similarly, in a two dimensional system pλ =-pn.

5.2 Scaling of polymer morphology
Scaling parameters p, pn, and pλ belong to the columnar growth process inherent
to oblique angle depositions. When considering polymeric films, one needs to investigate
the compactness of polymer chains characterized by their length and the RMS end-to-end
distance [73,103]:

< R 2 > 1 / 2 ~ Lc

ν

Eq. 5.13
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Figure 5-1: Illustration of the compactness of a polymer chain. Grey particles represent
the chain ends and black particles are the intermediate chain particles. Lc and R denote
the chain length and end-to-end chain distance, respectively.

where Lc is the polymer chain length, <R2>1/2 is the RMS end-to-end distance of a chain
with length Lc and ν is the scaling exponent for chain compactness (see Figure 5-1).
Considering an ideal polymer (in solution) formed by self avoiding walk, ν=3/(2+ds) with
ds being the dimensionality of the system [104]. Therefore, ν=0.60 and 0.75 for an ideal
polymer chain in three and two dimensions, respectively.

5.3 Simulation details
Simulations of oblique angle deposited films were performed with a two
dimensional Monte Carlo (MC) algorithm. It was discussed in section 2.5 that MC was a
preferred algorithm due to its advantages (e.g. modeling more particles, larger sampling
space etc.) over molecular dynamics. Following the studies in literature, MC was chosen
as the simulation method for oblique angle deposited films [30,39,64-70]. Although a two
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dimensional system is simpler than a three dimensional system in terms of simulation
details, it was shown that two dimensional models were able to support experimental
results at least in qualitative manners [66,73,89]. A two dimensional system was also
preferred over a three dimensional system due to large reductions in computational effort.
In this study, two dimensional MC simulations were performed with ~1.5x106
particles on 2000x1000 grids. Deposition angle, α, was measured from horizontal (10°
unless notified) and the deposition process continued until the grids were filled up. Each
grid (x,y) was either occupied by a particle or nothing, i.e. h(x,y)={0,1}. In order to
mimic the vapor deposition process, particles were simultaneously deposited as in a flux.
The simulation algorithm was as follows:
1. Create a substrate that is tilted δ=90-α degrees from horizontal. This step
enables the vertical deposition of particles on the substrate.
2. For particle number = 1 to N, simultaneously deposit the particles in sets of F
(the deposition rate, e.g. 500). For each particle in F:
2a) Pick a random site, px, on x-axis and start descending the new particle.
2b) Decrease the y coordinate, py, until the depositing particle encounters
another particle/column or touches the substrate. Particle starts diffusion at
this current location.
2c) Diffuse each particle in F by a single step, one after the other. For each
diffusion step:
2c-i) Check the current energy of the particle.
2c-ii) Pick a random neighbor location around the particle.
2c-iii) Check the energy at the random location.
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2c-iv) If the picked location is not in empty space and agrees the
energy criterion (see below for details), move particle to the new
location.
2d) After diffusing the particle, apply the polymer algorithm (for nonpolymer algorithm, go to step 3):
2d-i) The particle is treated as a free monomer. Therefore, if the
particle encounters another monomer, they join and create a new
polymer chain.
2d-ii) If there is no monomer in any neighbor site, particle searches
for an already growing chain and joins it.
2d-iii) If the particle is unable to find a chain or a monomer after all
diffusion steps, it stays at the final position as a monomer and waits
for the next diffusion cycle.
3) For non-polymer algorithm go to step 2a. For polymer algorithm, diffuse the
particle (i.e. repeat 2c-i to 2c-iv) until it polymerizes. Then, go to step 2a.
4) When the grids are filled up, tilt the substrate to the horizontal position.
5) Calculate percent porosity and parameters regarding column morphology.
The reason for initially tilting a substrate was to reduce the complexity of the
algorithm so that it was less prone to errors during particle deposition. At the end of the
deposition, the substrate was tilted back to the horizontal position for porosity
calculations (see Figure 5-3). During deposition, a periodic boundary condition was
applied along the tilted substrate surface [69]:

90
yx+L = yx + Lx[tanδ]

Eq. 5.14

where yx is the vertical distance of a particle (at site x) from the tilted substrate surface,
Lx is the lateral system size (thus, the substrate length is Lx/cosδ), and δ is the tilting
angle of the substrate, equal to 90-α. Similarly, a periodic boundary condition was also
applied in horizontal direction when the substrate was tilted to horizontal position.
Diffusion in non-polymer model was modeled with a thermal Metropolis
algorithm [105]:
1) Calculate the energy of the particle at its current position, Eold.
2) Calculate the energy of the particle at the random neighbor location that it may
diffuse, Enew.
3) Find ∆E=Enew-Eold. If ∆E<0, then diffuse the particle.
4) If ∆E>0, compute q=e-∆E/T, where T is the normalized system temperature by
definition [105]. In this study, T was referred to as diffusion acceptance parameter
(by default, T=1).
5) Generate a random number Rn∈[0,1]. If Rn≤q, diffuse the particle (i.e. accept
the new position). Otherwise, keep the initial position (i.e. reject the diffusion).
Physically, non-polymeric films deposit as a consequence of particles clustering
in a closed packed manner [20]. Similarly in the non-polymer model, particles were
allowed to diffuse with respect to their energy based on occupied neighbor sites.
Diffusion in polymer model, on the other hand, was based on different principles. In
polymer model, a particle was allowed to diffuse to any free neighbor grid prior to
polymerization. The only stopping criterion for diffusion in polymeric model was to
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encounter a polymerization site (i.e. a neighbor monomer or a neighbor chain end).
Intrinsically, diffusion algorithm in polymer model assigned the polymerization sites with
the minimum energy to stop diffusion.
Energy of a particle in non-polymer model was directly proportional to the
number of occupied neighbor grids. For example, a particle having three neighbors at an
instant had -3 units of energy. Only the eight immediate grids around a certain grid (i.e.
nearest and next-nearest) were considered as neighbors. Independent of being nearest or
next-nearest, each neighbor had equal contribution to the particle energy. Constraints on
minimum number of occupied neighbors drastically affected the film morphology,
resulting in less porous or bulk films.
Modeling the diffusion of a particle (polymeric or non-polymeric) is not a trivial
process. For a complete treatment of a diffusing particle one should include the sticking
probability and diffusion length of an incoming particle, parallel momentum due to
oblique angle deposition, substrate temperature, and system pressure. For polymeric film
simulations, the effect of polymerization should also be included since the polymerization
reaction occurs only at the ends of a polymer chain [91]. In this code, the polymerization
procedure followed some basic rules:
•

Each deposited particle diffuses D steps prior to polymerization. During
polymerization, the particle performs extra diffusion steps until it finds a
polymer chain. Diffusion principles were already described for polymeric
particles.

•

A polymer chain only grows at its two ends.
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•

If a free particle is adjacent to a chain and away from any chain ends, it cannot
join the chain but only diffuse (travel) along the chain.

Diffusion of particles in polymeric and non-polymeric film simulations is
illustrated in Figure 5-2. Briefly, all incoming particles have to diffuse “D” steps. In
Figure 5-2, incoming directions for particles “1” and “2” are shown with solid arrows. A
particle is allowed to diffuse along the substrate (e.g. particles “2” and “4”) or along the
columns (e.g. particle “3”) and can form overhangs, depending on its final position.
Possible diffusion directions for particles “1-4” are indicated with dashed arrows in
Figure 5-2. After performing all diffusion steps, a non-polymeric particle deposits at its
final location. A polymeric particle, on the other hand, continues diffusion until it finds a
polymerization site (i.e. it is treated as a monomer). A monomer may join an existing
chain by incorporating through the chain ends (indicated with grey beads in Figure 5-2).

Figure 5-2: Illustration of diffusion algorithms for particles in polymeric and nonpolymeric film simulations.
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For instance, particles “1-4” have the chance of joining one of the existing chains
depending on their diffusion direction. Two coinciding monomers can also form a new
chain as shown by particles “5” and “6” in Figure 5-2. After polymerization, the
monomer deposits at its final location.
Definition of porosity in a two dimensional system is the ratio of unoccupied
grids to the total grids in the system. In other words, porosity is the inverse of film
density in two dimensions. Unoccupied regions can either be of open type (i.e. reachable
from top surface) or closed. In the simulation code, a single-grid probe was used for
scanning the open spaces and closed voids. Closed voids that could not be reached by the
probe were also included in porosity calculations. Consistent results were only obtained
when open spaces and closed voids were considered together. As shown in Figure 5-4,
upper boundary of the film was defined by a horizontal line that passed through the
average height of the film.
The code recorded the number of surviving columns (n), their periodic spacing
(λ) and their average diameter (d) at periodic intervals of height (h). The initial 100 and
final 100 grids of height were not included in calculations. Moving average values of the
extracted data were plotted and three characteristic exponents (p of Eq. 5.10, pλ of
Eq. 5.11, and pn of Eq. 5.12) that scale column diameter (d), column spacing (λ), and
number of surviving columns (n) with column height (h) were calculated, respectively.
Moving average value of a data point is defined as:

94
j

∑x
x

j

=

i

i =1

Eq. 5.15

j

where j is the current number of data points and xi is the raw ith data value with 1 ≤ i ≤ j.
For larger simulated systems, moving average values were calculated only at the scaling
regions of the film (i.e. constant growth regions excluded).

δ
Figure 5-3: Orientation of the substrate during deposition. In this example, substrate is
tilted δ=90-α=70° from horizontal at a deposition angle α=20°. Grey grids: deposited film,
black grids: empty space, white grids: substrate.
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Figure 5-4: Porosity calculations were done by finding the spaces lying below a line that
passes through the average height of a film. An open space could be reached from top
surface, whereas a closed void was unreachable as indicated by circles in figure. Grey
grids: deposited film, black grids: empty space, white grids: open spaces.

The simulation code was written in Fortran 77 language and compiled and run
serially on a 32-bit UNIX system. Output files were prepared in ASCII text format and
visualized with ImageJ software [93]. The complete code can be downloaded from:
http://www.personal.psu.edu/muc176/MCv4.f.

5.4 Results and discussions
Morphology of the simulated films was investigated in terms of column angle β,
scaling parameters p, pλ and pn, percent porosity s, and the chain compactness parameter
ν. These quantities were compared by changing the simulation parameters as listed in
Table 5-1. The computed values were compared with experimental values for validating
the simulation outputs and establishing the set of simulation parameters that replicated a
real system. Each simulation was replicated three times with different random seeds.
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5.4.1

Effects of deposition algorithm (polymer/non-polymer)
Details of polymer algorithm were already presented and the effects of other

simulation parameters (see Table 5-1) will be discussed in the following paragraphs. This
section introduces oblique angle deposited films simulated with polymer algorithm. For
the sake of simplicity, films simulated with polymer and non-polymer algorithms will be
referred to as polymeric and non-polymeric films, respectively.
Polymeric films were observed to be composed of fibrous columns occasionally
entangling with each other and resulting in a more porous morphology. This effect of
polymerization is emphasized in Figure 5-5 showing a snapshot from a simulation where
the deposition algorithm was switched from non-polymer to polymer at an intermediate
instant.

Table 5-1: List of simulation parameters and calculated quantities.
Simulation parameter
Polymer/non-polymer
switch

Symbol

Range of values / State
ON-OFF

Calculated quantities
p, pn, pλ, β, s (investigated
with other parameters)

Deposition rate
(particles per step)

F

1-1000

p, pn, pλ, β, s, ν

Diffusion rate
(steps per particle)

D

0-2000

p, pn, pλ, β, s, ν

Deposition Angle
(degrees from horizontal)

α

10-90

p, pn, pλ, β, s, ν

Diffusion acceptance
parameter
(arb. units)

T

00.1-100

p, pn, pλ, β, s

System size
(grids)

L x x Ly

2000x10002000x10000

p, pn, pλ
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Figure 5-5: Snapshot from a simulation where the polymerization algorithm was switched
on at an intermediate instant (indicated by the arrow). All other simulation parameters
were kept constant at F=500, D=500, α=10°, T=1.

5.4.2 Effects of deposition rate (F):
Single and multiple particle deposition algorithms mimic the molecular beam
epitaxy and vapor deposition processes, respectively. In molecular beam epitaxy, single
crystal films grow at a very slow rate (1-300 nm/min) and incoming adatoms are sent as
single beams of particles. On the other hand, films grow faster and less organized in
vapor depositions (~1-5 µm/min for PPX). Here, a constant flux of particles was sent to
the substrate in multiple particle simulations. The deposition rate was kept constant so
that always a constant number of particles were allowed to deposit and diffuse on the
substrate.
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Figure 5-6 shows the resulting morphologies for non-polymeric films obtained at
different deposition rates (F) under zero diffusion (D=0). As deposition rate (F)
increased, one could visually observe that column edges got precisely defined and
columns became more ordered and densely packed. After a certain deposition rate
(F~2000), the columnar morphology disappeared due to excessive particle flux and the
structured film turned into a bulk film. Same situation was valid for non-polymeric films
under moderate diffusion (D~500). For polymeric films, diffusion rate (F) did not affect
the morphology at any diffusion rate (D). Figure 5-7 shows porosity (s) vs deposition rate
(F) plots under zero and moderate diffusion (D=0, 500) conditions. Porosity (s) was
found to be more dependent on deposition rate under moderate diffusion (D=500) for
non-polymeric films. Figure 5-7 also shows that porosity (s) was weakly dependent on
deposition rate (F) for non-polymeric films under zero diffusion.
Figure 5-8 shows column angle (β, measured from horizontal) vs deposition rate
(F) plots for polymeric and non-polymeric films. Column angle (β) in non-polymeric
films was strongly dependent on deposition rate (F) and it showed an increasing behavior
with increasing deposition rate (F) (see Figure 5-6). Polymeric films, on the other hand,
showed a different relation between column angle (β) and deposition rate (F). Under zero
diffusion (D=0), column angle (β) was nearly constant and under moderate diffusion
(D=500) column angle (β) decreased with increasing deposition rate (F). This difference
was due to the different deposition algorithms for polymeric and non-polymeric films.
For further understanding, experimental validation is needed.
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(a)

(b)

(c)
Figure 5-6: Snapshots from simulations of non-polymeric films at a deposition rate (a)
F=1, (b) F=500, (c) F=2000. D=500, T=1, α=10°.

Scaling of columnar morphology was strongly dependent on deposition rate (F).
In a review by Krug [106] the diameter-height scaling exponent, p, was 0.50 at zero
diffusion rate (D=0). The scaling parameter pn (which relates number of surviving
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columns to the column height) also changed with deposition rate (F). In a simple two
dimensional model without any particle diffusion and polymerization, Krug stated that
pn=-0.5 [106] (thus, pλ should approach 0.50).
Figure 5-9 shows the plots of scaling parameters p, pn and pλ for simulated films
at different deposition rates (F) without particle diffusion (D=0). As shown in Figure 59a, p approached 0.50 at F=500 for non-polymeric films. Similarly, Figure 5-9b shows
that at F=500, pn approached -0.50 for non-polymeric films. The particular deposition
rate that produced the theoretical scaling values by Krug [106] was dependent on the
substrate size. For instance, for a double size substrate 1000 particles needed to be

non-polymer, zero diffusion
polymer, zero diffusion
polymer, D=500
non-polymer, D=500

100

porosity, s (%)
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particle deposition rate, F

Figure 5-7: s vs F plots for polymeric and non-polymeric films under zero diffusion
(D=0) and moderate diffusion (D=500). α=10°, T=1.
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Figure 5-8: β vs F plots for polymeric and non-polymeric films at zero diffusion (D=0)
and moderate diffusion (D=500). α=10°, T=1. All angles were measured from horizontal.

deposited at an instant (i.e. F=1000) in order to obtain p=0.50 and pn=-0.50. Interestingly,
excess deposition rate (F) caused a drop in the magnitudes of scaling parameters (p, pn
and pλ) which indicated that theoretical values by Krug [106] were the maximum
achievable values for non- polymeric films in two dimensions. Polymeric films under
zero diffusion (D=0) (see Figure 5-9) were weakly affected by the deposition rate (F).
Scaling parameter p was between 0.05-0.10 at different deposition rates (F). In polymeric
and non-polymeric films, parameters pn and pλ were close to p in magnitude.
Figure 5-10 shows scaling parameters (p, pn and pλ) vs F plots under moderate
diffusion (D=500). Scaling parameters of non-polymeric films followed a similar pattern
as in zero diffusion condition, but the maximum p value was smaller than the theoretical
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pn non-polymer, zero diffusion
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pn polymer, zero diffusion
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Figure 5-9: (a) p vs F and (b) pn and pλ vs F plots for polymeric and non-polymeric films
under zero diffusion. α=10°, T=1. Dashed lines in (a) and (b) show the theoretical 0.50
and -0.50 limits for p and pn, respectively [106].
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Figure 5-10: (a) p vs F and (b) pn and pλ vs F plots for polymeric and non-polymeric films
under moderate diffusion. D=500, α=10°, T=1. Dashed and dotted lines in (a) show the
theoretical 0.50 limit [106] and average experimental PPX value [31] for p.
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value by Krug [106] (i.e. p=0.50). Scaling parameters of polymeric films showed an
increasing trend unlike the zero diffusion condition. At F=500, p for polymeric films
approached the average experimental value for PPX (p=0.15, 0.11, 0.18 for PPX-COCF3,
PPX-Cl, and PPX-Br, respectively) [31].
Polymer compactness parameter, ν, was close to 1.00 at different deposition rates
(F) under zero diffusion (D=0). At moderate diffusion rate (D=500) ν was bracketed
between 0.75-1.00 where 0.75 was the ideal value for a self avoiding chain in two

chain compactness parameter, ν

dimensions [104] (see Figure 5-11).
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Figure 5-11: ν vs F plots for polymeric films under zero and moderate diffusion (D=0,
500). α=10°. Dashed and dotted lines indicate straight and ideally compact chain in two
dimensions [104], respectively.
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5.4.3 Effects of diffusion rate (D)
Diffusion rate (D) was defined as the number of steps that each particle had to
perform before depositing on a site. Diffusion rate (D) had profound effects on film
morphology. Figure 5-12 shows the snapshots from simulations performed with various
diffusion rates (D). It was observed that increasing diffusion rate (D) resulted in thicker
columns since particles were allowed to travel further along the columns. Therefore, very
high diffusion rates would result in bulk morphology.
As shown in Figure 5-13, porosity (s) of a film decreased with increasing
diffusion rate (D). The reason for decreased porosity was the enhanced ability of particles
to fill the shadowed regions between columns. This observation was valid for both
polymeric and non-polymeric films. However, polymeric films always had higher
porosity (s) than non-polymeric films even at different deposition rates (F=1, F=500).
The polymerization algorithm yielded a columnar morphology composed of a fibrous
network. New fibers growing from existing columns entangled and consequently, the
polymeric films occupied more space. Dependence of porosity (s) on diffusion rate (D)
was similar at different deposition angles (α).
Figure 5-14a shows the dependence of scaling parameter p on diffusion rate (D).
For non-polymeric films p increased with higher diffusion rate (D). As shown in
Figure 5-14a, p value for non-polymeric films was close to 0.40 at D=500-1000.
Furthermore, the p value for polymeric films was not quite affected with diffusion rate
(D) and it was at the order of 0.10-0.15 which was close to the experimental values for
columnar PPX films [31]. Despite using a two dimensional model here, the experimental
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values of p for nanostructured PPX films were reproducible with the polymer deposition
algorithm. On the other hand, non-polymer algorithm resulted in higher p values.
Figure 5-14b shows the relation between pn, pλ and diffusion rate (D). Scaling parameters
pn and pλ followed a similar pattern like p and they were close in magnitude.

Figure 5-12: Snapshots from simulations for non-polymeric (a,c,e) and polymeric (b,d,f)
films deposited at D=1 (a,b), 100 (c,d), and 2000 (e,f) steps per particle. F=500, T=1, α=10°
in all simulations.
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Figure 5-13: s vs D plots for simulated polymeric and non-polymeric films at low (F=1)
and moderate (F=500) particle deposition rates. α=10°, T=1 in all simulations.

The relation between column angle (β) and diffusion rate (D) at moderate
deposition rate (F=500) is shown in Figure 5-15. As diffusion rate (D) increased, the
column angle (β) decreased for a non-polymeric film. In other words, the columns
extended from substrate normal towards the incoming particles with increasing diffusion
rate (D). Recall that the opposite situation was observed for deposition rate (F). In a
computational study by Müller-Pfeiffer et al. [107], column angle (β) increased with
higher diffusion rate (D), which was contrary to our results. Their argument depended on
the conservation of parallel momentum of arriving particles with enhanced traveling
capacity and leading to higher column angle (β). In this study, particle kinetic energy and
momentum were not considered. However, including such effects would definitely help
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Figure 5-14: (a) p vs D and (b) pn and pλ vs D plots for simulated polymer and nonpolymer films. F=500, T=1, α=10° in all simulations. In (a) dotted line shows the average
experimental PPX value for p [31].
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improving the computational model.
Polymeric films had lower column angles (β) when compared to non-polymeric
films. Column angle (β) in polymeric films increased until D=100 and started decreasing
for further diffusion rates. Such a trend indicates that diffusion rate (D) was dominant on
polymer columnar morphology after a certain value. At low deposition rate (F=1), nonpolymeric film column angle (β) was not affected with diffusion rate (D) and polymeric
film column angle (β) followed a similar trend as in moderate deposition rate (F=500).
Figure 5-16 shows the chain compactness parameter (ν) at different diffusion
rates (D) with low and moderate deposition rates (F=1, 500). ν decreased from 1.00 to
0.75 with increasing diffusion rate, indicating that polymer chain compactness increased
as depositing particles were allowed to diffuse further.
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Figure 5-15: β vs D plot for simulated polymeric and non-polymeric films. α=10°,
F=500, T=1 in all simulations.
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Figure 5-16: ν vs D plots for polymeric films at low and moderate deposition rates (F=1,
500). α=10°. Dashed and dotted lines indicate straight and ideally compact chain in two
dimensions [104], respectively.

5.4.4 Effects of deposition angle (α)
All angles reported in this study were measured from horizontal. Columnar
morphology was only observed for α≤30°. Experimental studies showed that decreasing
deposition angle (α) resulted in smaller column angle (β) [23]. Simulation results from
polymeric and non-polymeric films are shown in Figure 5-17. Both polymeric and nonpolymeric films had smaller column angles (β) with decreasing deposition angle (α).
At low deposition rate (F=1) and under zero diffusion condition (D=0), column angle (β)
values for non-polymeric and polymeric films were close to each other (Figure 5-17a).
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Figure 5-17: β vs α plot for simulated polymeric and non-polymeric films at (a) low
deposition rate (F=1) and zero diffusion (D=0), (b) at moderate deposition (F=500) and
moderate diffusion rates (F=500). T=1 in all simulations. All angles were measured from
horizontal.
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Column angles (β) in both types of films qualitatively agreed with the results from
Meakin et al. [108] At moderate deposition and diffusion rates (D=500, F=500)
polymeric and non-polymeric column angles (β) had higher discrepancy between them.
Non-polymeric column angles followed the values from Meakin et al. [108] with smaller
discrepancy.
It was experimentally reported that the film porosity (s) for non-polymeric
materials increased with decreasing deposition angle (α) [23]. The simulation results in
Figure 5-18 showed this behavior and qualitatively agreed with other computational
studies [65,67]. At low deposition rate (F=1) and under zero diffusion condition (D=0),
polymeric and non-polymeric films had nearly the same porosity percentage. At moderate
deposition rate (F=500) and moderate diffusion rate (D=500) polymeric films were more
porous than non-polymeric films at the same deposition angle. The reason was the
difference between polymer morphology (branching of polymer columns during
columnar growth) and non-polymer morphology (closely packed columns).
Figure 5-19 shows the compactness of polymer chains (ν) at different deposition
conditions. At low deposition rate (F=1) and zero diffusion rate (D=0) ν was close to
1.00 (i.e. chains were straight) while being independent of the deposition angle (α). At
moderate deposition rate (F=500) and moderate diffusion rate (D=500) chain
compactness increased as ν decreased from 1.00 to 0.90.
Dependence of scaling parameters (p, pλ and pn) on deposition angle (α) is shown
in Figure 5-20. Computational results showed that deposition angle (α) affected powerlaw scaling in polymeric films not as much as in non-polymeric films. Value of p for
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polymeric films was around 0.10 for different deposition angles (α=10°-25°). Similarly,
experimental results presented in Table 4-1 and Table 4-2 show that PPX films deposited
at α=10° and α=15° had identical scaling parameter p.Values of p for simulated
polymeric films were in good agreement with the experimental p values for
nanostructured PPX films (~0.10 vs 0.11-0.18). Power-law scaling in non-polymeric
films was strongly affected by deposition angle (α). Magnitudes of scaling parameters (p,
pn and pλ) decreased with increasing deposition angle (α). Here, all simulation parameters
except deposition angle (α) were kept constant (D=500, F=500, T=1) and this would
drastically affect the morphology in non-polymeric films. For instance, it was already
discussed that substrate length affected the deposition rate that produced the maximum
value for scaling parameter p in non-polymeric films. All simulations in this study were
performed with a substrate with constant length at horizontal orientation, but the substrate
size changed when it was tilted for the oblique deposition process. Therefore, the
deposited substrate length was different for different deposition angles (α) although the
horizontal substrates had the same size. For this reason, simulations of non-polymeric
films with adjusted deposition parameters (D, F) could improve the agreement between
computational and experimental results. Overall, polymer deposition algorithm was
proven to be better than non-polymer deposition algorithm in reproducing experimental
results for nanostructured PPX films.
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Figure 5-18: s vs α plot for simulated polymeric and non-polymeric films under different
deposition conditions. T=1 in all simulations. All angles were measured from horizontal.
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Figure 5-19: ν vs α plots for polymeric films at low and moderate deposition/diffusion
rates (F=D=1, 500). Dashed and dotted lines indicate straight and ideally compact chain
in two dimensions [104], respectively.
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Figure 5-20: (a) p vs α and (b) pn and pλ vs α plots for simulated polymeric and nonpolymeric films. F=500, T=1, D=500 in all simulations. In (a) dotted line shows the
average experimental PPX value for p [31].
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5.4.5 Effects of diffusion acceptance parameter (T)
Diffusion acceptance parameter (T) governed the diffusion of particles only in
non-polymer deposition algorithm which was based on thermal Metropolis model [105].
Although T refers to the system temperature in the original model [105], our code did not
include any thermal parameters. Therefore, T was rather a parameter affecting the
acceptance rate of non-polymeric particle diffusion. Diffusion of polymeric particles was
controlled with a different algorithm in which particle energy was not affected by T.
As T increased, unfeasible diffusion steps were more frequently accepted.
Unfeasible diffusion steps were meant to be the steps that caused a particle to travel to a
higher energy location (i.e. ∆E>0), where energy of a non-polymeric particle was based
on the occupied neighbor sites. Therefore, at higher T values a film was expected to be
less densely packed. Figure 5-21 shows the dependence of film porosity (s) on T.
Simulation results showed that porosity (s) was constant for T=0.01-0.1 at different
deposition rates (F=1, F=500). Porosity (s) started increasing with higher T at moderate
deposition rate (F=500). At low deposition rate (F=1) film porosity increased for T>0.5.
Figure 5-22 shows the column angle (β) vs T plots for non-polymeric films. At
low and moderate deposition rates (F=1, 500), column angle (β) started increasing after
T>0.5 and T>1, respectively.
Diffusion acceptance parameter (T) also affected the scaling of columns in nonpolymeric films. Figure 5-23 shows p vs T and pn, pλ vs T plots for non-polymeric films.
At low and moderate deposition rates (F=1, 500) scaling parameter p followed opposite
trends with increasing T. At low deposition rates (F=1), p approached its maximum value
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Figure 5-21: s vs T plot for simulated non-polymeric films at low and moderate
deposition rates (F=1, 500). D=500, α=10° in all simulations. Note that polymeric films
were not affected by T.
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Figure 5-22: β vs T plot for simulated non-polymeric films at low and moderate
deposition rates (F=1, 500). D=500, α=10° in all simulations. Note that polymeric films
were not affected by T.
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Figure 5-23: (a) p vs T and (b) pn and pλ vs T plots for simulated non-polymeric films at
low and moderate deposition rates (F=1, 500). D=500, α=10° in all simulations. Note that
polymeric films were not affected by T.
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(~0.40) only when T=0.01 and T=100. Value of p was close to experimental values for
nanostructured PPX films at T=0.5-10 with a low deposition rate (F=1). Quite contrary,
at moderate deposition rates (F=500) p approached maximum value when T=0.5-1.
Magnitudes of pn and pλ were close to the magnitude of p at corresponding T values.
Since T only governed the non-polymer deposition process, chain compactness
(ν) was independent of T.

5.4.6 Effects of the system size (Lx, Ly)
Reliability of scaling exponents was tested with ten times larger systems
simulated with standard simulation parameters (i.e. F=500, D=500, T=1, α=10°). Lx and
Ly were the number of x and y grids that defined the simulation box size. Figure 5-24
shows the results for a non-polymeric film with scaling data saturating at a critical
thickness of 2500 grids. After critical thickness column diameter (d), column spacing (λ),
and column population (or number of surviving columns, n), stayed constant.
Figure 5-25 shows the power-law scaling plots for polymeric films deposited at
different angles (α=10° and 15°). In both cases, scaling parameter p agreed with the
experimental values for columnar PPX films (p=0.11-0.18). Furthermore, values of
scaling parameter p deposited at α=10° (Figure 5-25a) and α=15° (Figure 5-25b) were
close in magnitude. This observation also agreed with the experimental results presented
in Chapter 4. Similar to the experimental data for columnar PPX films, column diameter
(d), column spacing (λ), and column population (n) saturated around a critical thickness
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of Ly=3000 and 2000 grids for α=10° and 15°, respectively (see Figure 5-25). Critical
thickness of columnar PPX films was reported as 400-1000 nm [31].
Values of pn and pλ were close in magnitude both for polymeric and nonpolymeric films which agreed with the theoretical prediction of pn/pλ=-1 in a two
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Figure 5-24: Column population (n), column spacing (λ), and column diameter (d) vs
column height (h) plots for non-polymeric films simulated in larger systems. Solid lines
show the best fits for data below the critical thickness and dashed line indicates the
critical thickness in plots. Simulations were performed at F=500, D=500, T=1, α=10°,
Lx=2000 grids, Ly=10000 grids.
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Figure 5-25: Column population (n), column spacing (λ), and column diameter (d) vs
column height (h) plots for polymeric films simulated in larger systems. Solid lines show
the best fits for data below the critical thickness and dashed line indicates the critical
thickness in plots. Simulations were performed at (a) α=10°, (b) α=15° with F=500,
D=500, T=1, Lx=2000 grids, Ly=10000 grids.
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Chapter 6
Conclusions and future direction

6.1 Conclusions
In this study, nanostructured polymeric films were deposited by oblique angle
polymerization of poly-p-xylylene (PPX). Spectroscopic (XPS and FTIR) and thermal
characterization methods (TGA) showed that nanostructured PPX films and planar PPX
films deposited by vertical angle had identical chemical composition. Topographic and
cross sectional measurements (SEM and AFM) of nanostructured PPX films
demonstrated that PPX columns were polymeric nanofibers with 100-150 nm diameter.
These columns had very high aspect ratios (>100:1) while the column number density
was around 40,000,000 per square millimeter. On the other hand, planar PPX films had
no structured morphology. This structural difference was due to oblique angle deposition.
Furthermore, morphology and porosity of nanostructured PPX films were controlled by
varying the rotation angle of the substrate and the incidence angle of the incoming flux.
Therefore, different column geometries were obtained with simple alterations in the
oblique angle deposition process. BET measurements showed that nanostructured PPX
films had very large surface areas (100-400 times increase) when compared to planar
PPX films. Large surface areas of nanostructured PPX films indicated the high amount of
porosity in film morphology. Deposition of different PPX derivatives allowed the control
of film chemical properties in addition to film morphology. Three PPX derivatives with
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halogen side groups (i.e. chloro-, bromo- and trifluoroacetyl- derivatives of PPX) were
deposited using the same production method.
Growth of columns in nanostructured PPX films was experimentally studied with
AFM. During early stage of growth, surface roughness was affected by the oblique
incoming flux. Oblique incoming flux enhanced the instabilities caused by random height
differences between surface features and induced columnar growth due to geometric
shadowing. Emerging columns continued growing in a competitive process that was
quantified in terms of column geometry (i.e. diameter and height), column spacing (i.e.
periodicity), and column population (i.e. number of columns per unit area). Growth of
PPX columns obeyed a power-law scaling mechanism: d~hp. The power-law exponent, p,
showed the rate of lateral expansion of columns with respect to column height and p was
between 0.1-0.2 for nanostructured PPX-Cl, PPX-Br and PPX-COCF3 films. Comparison
of p values for nanostructured PPX-Cl, PPX-Br and PPX-COCF3 films indicated that
high surface diffusion and high flux of incoming vapor molecules were the major factors
affecting the columnar growth. Film chemistry (i.e. halogen side groups) quantitatively
affected the growth process, but the columnar growth morphology was common in all
PPX derivatives. Nanostructured PPX films deposited at two different angles (α=10° and
α=15°) also obeyed power-law scaling with similar p values for the three PPX derivative.
Columnar growth by oblique angle polymerization was tolerant to small changes in
deposition angle. Larger deviations in deposition angle should be tested for further
understanding.
Power spectral density analysis showed that PPX columns were quasi-periodically
segregated on a surface. Similar to column geometry, periodicity (spacing) of the
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columns and column population scaled with column height in a power-law fashion. As
PPX columns grew, column population decreased and spacing between surviving
columns increased. Different PPX derivatives exhibited this behavior with different
characteristic exponents (pn, pλ). Nevertheless, the ratio of exponents regarding column
periodicity and column population approached the theoretical value (i.e. pλ/pn = -1/2) for
different PPX derivatives. Competitive growth ended with a critical film thickness (~1
µm) after which column size, column spacing and column population stayed constant.
Crystallinity analysis (XRD and TEM) of nanostructured PPX films showed that PPX
columns were semi-crystalline. However, the effect of crystallinity on columnar growth
was not well understood.
A two dimensional Monte Carlo model was implemented to study the growth of
columnar PPX films computationally. Effects of deposition algorithm (polymer/nonpolymer), deposition rate, diffusion rate, deposition angle, chain formation, and diffusion
acceptance rate were investigated in terms of film porosity, column angle and scaling
parameters characterizing columnar growth (p, pn, pλ) and polymer chain compactness.
The polymer deposition model incorporated incoming particles into growing individual
chains. The non-polymer deposition model incorporated incoming particles without
restricting them into growing chains. The computational model was able to generate
morphologies similar to the oblique angle deposited films observed experimentally.
However, simulations with polymer and non-polymer models produced certain
differences. Films simulated with polymer model were more porous than films simulated
with non-polymer model. Films simulated with polymer model were composed of
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straight chains forming entangled fibrous columns and voids in the film. On the other
hand, films simulated with non-polymer model were composed of densely packed and
aligned columns. Polymer model emphasized the significance of chain based growth (i.e.
polymerization) in oblique angle deposition. Scaling exponents were higher in magnitude
for films simulated with non-polymer model when compared to the results from polymer
model. Consequently, the discrepancy between computational results from non-polymer
model and experimental results for PPX films was larger.
Diffusion rate of particles had strong effects on films deposited with polymer and
non-polymer models. High diffusion rates led to bulk films even under oblique angle
conditions. Magnitudes of scaling parameters were higher for non-polymer model.
Therefore, results from polymer model were closer to experimental observations at
different deposition and diffusion rates. Deposition angle (α) was crucial in column
formation since a columnar morphology was observed only when α<30°. Similar to the
PPX films deposited at α=10° and α=15°, films simulated with the polymer model at two
different deposition angles had similar power-law scaling parameters. Critical thickness
indicating the end of power-law scaling was observed for films simulated both with
polymer and non-polymer models at different deposition angles. Computational results
from the polymer model agreed with the experimental results for nanostructured PPX
films under certain simulation conditions. Especially, power-law scaling of
nanostructured PPX films was successfully modeled with the polymer model. Polymer
model also indicates that PPX columns were composed of straight chains bundled along a
column. Thus, polymer model was found to be more suitable for the simulations of
nanostructured PPX films.
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Our Monte Carlo model was simplistic in the sense that parameters such as
particle/chain interactions, chain relaxation, momentum of arriving particles, system
pressure and temperature were not implemented. Hence, the Monte Carlo model could be
improved by considering aforementioned terms. Nevertheless, our two dimensional
Monte Carlo model with polymer algorithm produced consistent results according to the
experimental results for columnar PPX films.
In conclusion, this study showed that oblique angle deposited PPX films had
controllable, structured morphologies. The growth of columns was explained by a powerlaw scaling that was also simulated with a two dimensional Monte Carlo model using a
chain based algorithm.

6.2 Future Directions
The aim of this study was to understand the nature of nanostructured polymers by
chemical and physical characterization and modeling of their morphology. An
understanding of ways to control the growth of nanostructured polymers would be
beneficial not only in advancing the state of knowledge in the polymer area, but also
because of the potential impact that this information would have on the development of
new materials for antifouling surfaces, catalyst supports, medical implants, optical
devices, sensor platforms and much more.
This thesis provided a thorough understanding of formation and characterization
of nanostructured polymers by stating and evaluating the objectives listed in Chapter 1.
Therefore, the results and conclusions from this study can act as a framework for future
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studies on nanostructured polymers. One may extend this study by considering the
following points:
•

Experimental part of this study focused on a single type of polymer family, polyp-xylylene (PPX). It is therefore essential to investigate other polymer types to
show that oblique angle polymerization is a general method of creating high
throughput and non-lithographic nanostructured surfaces.

•

PPX is a polymer with a large number of chemical derivatives. Here, three PPX
derivatives (PPX-Cl, PPX-COCF3, PPX-Br) were experimentally studied, but
there are more PPX types to be synthesized and studied for power-law scaling of
nanostructured morphology.

•

Nanostructured PPX films were deposited under certain conditions and only some
of the variables were experimentally investigated here (e.g. material chemistry,
film thickness). Therefore, the effects of vapor pressure and substrate temperature
still need to be studied.

•

A wide variety of characterization methods were performed on nanostructured
polymeric films, but utilization of other methods (e.g. Raman scattering,
small/wide angle x-ray scattering, and neutron diffraction) is important to study
these films.

•

The presented computational model for the nanostructured polymeric films can be
improved by considering a three dimensional system, introducing new deposition
parameters (e.g. system temperature, vapor pressure etc), including bonded/nonbonded particle and chain interactions, chain relaxation and domain formation.
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The preceding ideas are the potential starting points for researchers studying
nanostructured polymers deposited by oblique angle polymerization. Nanostructured
polymer research can also be extended by considering the potential applications.
Nanostructured polymers offer the possibility of fabricating surfaces exhibiting tunable
properties (e.g., hydrophobicity, electrochemistry, chemical reactivity, and surface
energy) by systematically varying and controlling the surface chemistry and morphology
at the same time. Understanding the growth and formation of nanostructured polymers
will provide significant progress toward the development of new three-dimensional
functionalized surfaces for medical and engineering applications. Some opportunities are
as follows:
•

Nanostructured PPX films can be used as scaffolds to grow cells and tissues with
low cost and high yield.

•

Nanostructured PPX surfaces can be applicable to solve fouling problems in naval
systems.

•

Nanostructured PPX films can act as templates for porous metal layers. Such
metal structures are intended to be used in hydrogen storage for fuel-cell
applications.

•

Another opportunity is the controlled roughness of surfaces in enhanced Raman
scattering technology to be used for real-time single molecule bio-detection.

•

Nanostructured PPX films can be deposited with new chemical groups substituted
to the polymer backbone. Such diversity in polymer chemistry provides new
opportunities for the development of non-microbial, conductive, piezoelectric, or
photoresponsive polymeric films.
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•

Nanostructured morphology drastically affects the dielectric properties of PPX
and leads to higher capacitance polymers without any chemical modifications.
Such a development would help reduce the manufacturing costs in electronics
applications.

•

Superhydrophobic and adhesive nature of nanostructured PPX films can be
exploited by fissile liquid handling and transportation in nuclear energy
applications.

•

Optical properties of nanostructured PPX films can be studied for potential
applications in light filtering and light emitting diodes.

•

Nanostructured morphology can be utilized in polymeric solar cell applications in
order to eliminate the device efficiency problem in solar cells made of organic
materials.

•

Mechanical anisotropy of nanostructured polymeric films offers the possibility of
developing new surfaces exhibiting direction dependent friction characteristics.

All of these practical applications occupy only a minor portion of the possibilities
that can be achieved with nanostructured polymer research. It should be kept in mind that
much more is possible to accomplish by considering nanostructured polymers as the base
materials in an application.
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Appendix
Non-technical Abstract
Certain attributes of a material can be changed or improved by covering its
surface with thin layers called films. Films allow one to achieve a desired material
property without concerning the bulk (deeper) portion of the material. Films are
employed in every aspect of daily life such as paints on vehicles, scratch resistant layers
on lenses, or layers of lubricants preventing engine overheat. In science and technology,
films are deposited for covering a desired portion of a surface in order to achieve
properties such as low friction, electrical insulation, or protection against hazardous
environment.
One particular class of films, called polymeric films, has been drawing attention
due to major advantages in production process and wide range of possibilities in
applications. By introducing a structured architecture to polymeric films, it is aimed to
improve the material performance acquired with non-structured films, and develop new
characteristics that are not achievable with traditional methods. In particular, the
formation process of structured architectures in polymeric films was investigated through
experimentation and computational models. Experimental observations showed that the
growth pattern of structured polymeric films obeys a universal growth mechanism.
Computational results supported the experimental data under certain assumptions.
Understanding the formation of structured polymeric films will help controlling the film
architecture which will enable further improvement in material performance and quality.
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