
 

ABSTRACT 
 
Polymer thin films are ubiquitous in everyday life, playing a role in fields such as 

electronics, optics, space science, aircrafts, defense, medicine, sensors, and biotechnology. Thin 
film stability is a property that describes whether a film forms a continuous layer or ruptures into 
a morphology often characterized by holes, polygons, or droplets. This latter process, termed 
dewetting, has traditionally been considered an obstacle to avoid, but more recently it has been 
harnessed as a tool for producing patterned thin films with features on the nanoscopic scale. 
Regardless of its desirability, an understanding of the mechanisms that underlie dewetting is 
critical for tailoring the morphologies of thin films to the specifications of their applications. 

The stability of a thin film to some extent depends on its thickness, and spin coating 
offers a convenient and affordable means for producing thin films of tunable thickness. 
However, existing models for predicting the film thickness of spin coated films are based 
primarily on nonpolar polymer thin films and often fail to accurately predict experimentally 
obtained results. Therefore, the goal of this independent study is to uncover the mechanisms of 
the polymer deposition and film formation processes for hydrophilic polymers and to work 
towards a model that predicts the thickness and stability of spin coated hydrophilic thin films. 
Various hydrophilic polymers were selected as the focus of this investigation on the basis of their 
crystallinity, degree of hydrophilicity, and polymer charge. Poly(vinyl alcohol) (PVOH) is a 
semicrystalline polymer that exists in various degrees of hydrolysis corresponding to varying 
hydrophilicities. PVOH 99%H (more hydrophilic and crystalline) and PVOH 88%H (more 
hydrophobic and less crystalline) were studied in this work. Additionally, poly(acrylic acid) 
(PAA) and poly(allylamine hydrochloride) are two amorphous polyelectrolytes whose pH-
tunable electrostatic charge and lack of crystallinity offer an insightful point of comparison to the 
neutral and crystalline PVOH polymers. Poly(sodium 4-styrenesulfonate) (PSS) is a polyanion 
bearing a permanent negative charge that was selected for this investigation to serve as a pH-
resistant point of comparison as well as a slightly more hydrophobic water soluble polymer due 
to its styrene moiety. Poly(vinyl pyrrolidone) (PVP) is a neutral and amorphous polymer, which 
makes it similar to PVOH except for its lack of crystallinity. This makes it possible to isolate the 
effects of crystallinity on the polymer deposition process. 

Building on the research of previous lab members, a model for thin film formation that 
decouples total film thickness into a spontaneously deposited (h1) layer and a spin deposited (h2) 
layer was investigated in order to probe the relative contributions of polymer-substrate and 
polymer-polymer interactions, respectively, on thin film total thickness and stability. Static 
adsorption experiments were used to obtain h1 values for each polymer. These were then 
subtracted from the total thickness of the spin coated film of the corresponding polymer to 
determine the thickness of the h2 layer at various spin rates. Film morphologies under atomic 
force microscopy (AFM) were used to determine the stability of spin coated films. This 
information, combined with h1 and h2 values, allowed for an analysis of how the film formation 
process results in stability or lack thereof in the context of each polymer’s combination of 
properties. 

PVOH 99%H, PVOH 88%H, and PVP spin coated on silicon wafer are stable systems, 
forming films that do not dewet at any spin rate. Meanwhile, PAA, PAH, PSS, and PAA- spin 
coated on a silicon substrate are metastable systems because they dewet at some or all spin rates. 
PVOH 88%H, PVP, and PAA- formed relatively thicker films at the highest spin rates, indicating 
the presence of a thicker h1 layer. In the case of PVOH 88%H and PVP, this was attributed to the 



 

hydrophobicity of the polymer. In the case of PAA-, this was attributed to the aggregates that 
formed upon titration of PAA with NaOH to produce PAA-. At the lower spin rates, PVOH 
99%H and PVOH 88%H formed relatively thicker films, which is evidence of a thicker h2 layer. 
This was attributed to the crystallinity of the polymers and, in the case of PVOH 88%H which 
was the thickest film at the lowest spin rate, polymer hydrophobicity. PAA, PAH, PSS, and 
PAA- all yielded shallow spin curves that were thinner than the stable systems at all spin rates 
(except PVOH 99%H at the highest spin rate). This is indicative of both weak cohesive forces 
and weak adhesive forces. However, the dewetting observed for these four systems implies that 
the cohesive forces dominate over the adhesive forces. Only PAH and PSS had spin curve 
exponents near -0.5, predicted by the well-known Meyerhofer model. The other exponents 
ranged from -1.3 to -0.2. The h1 thicknesses obtained from static adsorption experiments did not 
align with what was expected based on the properties of each system and the spin coated 
thickness at the highest spin rates. Only PVP formed a significant h1 layer, and all polymers 
including PVP formed thinner h1 layers than anticipated. This discrepancy was attributed to the 
presence of a loosely bound layer within the h1 layer that was rinsed off during the rinse steps 
associated with the static adsorption procedure. Repeating static adsorption with fewer rinse 
steps using PAA and PAA- showed that reducing the number of rinse steps produced h1 layers 
more similar in thickness to the h1 thickness projected by spin coated film thickness at the 
highest spin rate. 

The insights achieved through this work lay the foundation for future efforts to identify 
an experimental procedure that can produce h1 layers of reliable thickness. This will allow for a 
validation of the proposed decoupled thickness model. Additionally, this work has continued the 
ongoing effort to probe the effects of crystallinity, hydrophobicity, and electrostatic charge on 
adhesive and cohesive forces within polymer thin films. However, future work is still needed to 
explore some of the nuances of these polymer systems, particularly the apparent absence of 
hydrogen bonding as a driving force for polymer adhesion to the silicon substrate. 
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1. INTRODUCTION 

1.1 Surface Modification and Context/Relevancy 

Surface modification is a process that is relevant to a variety of fields and has far-

reaching applications. Motivations for modifying the surface of a bulk material include but are 

not limited to altering wettability to tailor the material to a specific application, reducing surface 

energy to minimize contamination, increasing surface energy to facilitate further modification or 

adhesion, or imparting specific chemical functionality to the surface of a material. Surface 

modification offers the benefit of retaining the desired properties of the bulk material while 

achieving the application-relevant properties of the surface, as opposed to searching for a 

material that possesses both the desired bulk and surface properties, which can often be 

challenging. 

A common approach for surface modification is the use of thin films, which have found a 

home in fields such as electronics, optics, space science, aircrafts, defense, medicine, sensors, 

biotechnology, and others.1,2 Thin films have been incorporated into devices or components such 

as flat panel displays, computer chips, semiconductors, antireflective coatings, and solar cells as 

well as utilized for techniques such as lithography and chromatography.1 Thin films can be 

composed of a range of materials such as metals, ceramics, or carbon-based compounds, but 

polymer thin films are of value due to their cost-effectiveness, lightness, and flexibility.2 

There is a rich body of literature focused on the preparation of nonpolar, nonvolatile van 

der Waals thin films on hydrophobic substrates. However, less is known about hydrophilic thin 

films prepared from aqueous solution despite their importance for technological applications and 

the additional benefit of their environmental friendliness. The presence of destabilizing polar 



 2 

interactions adds a layer of complication to their behavior, requiring more in-depth investigation. 

In an effort to contribute to the ongoing effort to elucidate the behavior and properties of 

hydrophilic polymer thin films, the work described here focuses on the preparation of water-

soluble polymer thin films using spin coating with the aim of developing a model to conceptually 

describe the deposition process and quantitatively predict film thickness and stability. 

 

1.2 Poly(vinyl alcohol) 

Poly(vinyl alcohol) (PVOH) is a versatile polymer that has garnered much attention due 

to its ability to adsorb to and form stable films on a range of substrates.3,4,5,6,7 PVOH is a water-

soluble, amphiphilic polymer synthesized by the hydrolysis of poly(vinyl acetate) (PVA) (Figure 

1). 

The hydrolysis of PVA to produce PVOH allows for control over the degree of 

hydrolysis of PVOH. Degree of hydrolysis refers to the percentage of acetate groups that are 

hydrolyzed to alcohol groups. A higher degree of hydrolysis corresponds to a greater percentage 

of alcohol groups, increased hydrophilicity, and increased crystallinity. The two degrees of 

hydrolysis used in this work are 88% hydrolyzed (88%H) and 99% hydrolyzed (99%H) PVOH. 

The degree of hydrolysis influences the adsorption behavior of PVOH and therefore the 

thickness and potential stability of the resulting thin films.5,6 
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Figure 1. Poly(vinyl alcohol) is synthesized via the hydrolysis of poly(vinyl acetate) 

 

PVOH is comprised of a repeating vinyl alcohol monoclinic unit cell (Figure 2) with a 

repeat unit length of 2.52 Å, which has been cited as evidence of a zig zag carbon backbone.8,9,10 

Its amphiphilicity arises from the hydrophobicity of its carbon backbone and the hydrophilicity 

of its hydroxyl groups. The hydroxyl groups can occupy either D or L positions, giving rise to 

two stereochemical possibilities. There is a random distribution of syndiotactic and isotactic 

repeat units, so there is approximately a 50% occupancy of either the D or L positions.8 Despite 

this atacticity, which results from the atacticity of its PVA precursor, PVOH is 

semicrystalline8,11,12,13 while atactic PVA is not. The ability of PVOH to crystallize is attributed 

to the small size of the hydroxyl groups, which allows PVOH to adopt a similar crystal lattice 

structure to that of polyethylene without disrupting the lattice structure.8,14 This crystallinity 

arises from the extensive hydrogen bonding between adjacent PVOH chains,8,10,12,15 which is 

also responsible for the relatively high melting point (TM 230 oC) compared to similar polymers 

such as polyethylene (TM 117-135 oC). PVOH can be anywhere from 18% to 75% crystalline 

depending on the presence of ions such as LiCl (which interfere with crystallization)16 or thermal 

annealing (which increases crystallinity).11,12,16 
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Figure 2. The structure of a repeat unit of poly(vinyl alcohol) 

The mechanism for PVOH adsorption to hydrophobic substrates is a two-stage process 

that begins with the physisorption of PVOH chains to the surface of the hydrophobic substrate.4,5 

The hydrophobic effect has been implicated as the primary driving force for this step,4,5,6,7 which 

is made possible by the amphiphilic nature of PVOH. Because the acetate groups adsorb to the 

hydrophobic substrate, DeWitt et. al. proposed that the energy barrier to PVOH deposition is the 

hydration of acetate groups.3 Following deposition of PVOH onto the substrate, crystallization 

occurs via the formation of inter- and intramolecular hydrogen bonds that stabilize the polymer 

chains at the hydrophobic substrate-aqueous solution interface.4,5 In addition to adsorbing to 

hydrophobic substrates, PVOH has also been shown to adsorb to hydrophilic substrates such as 

silicon wafers. Adsorption of PVOH to silicon wafers is driven by hydrogen bonding between 

the hydroxyl groups on PVOH and the silanol and silanolate groups on the silicon wafer.17,18,19,20 

 

1.3 The Silicon Substrate 

The substrate used for this work is silicon, or silicon wafer. Silicon is the most commonly 

used material in semiconductors, which are used to make many of the critical components of 

electronic devices such as memory storage chips and microprocessors.21 Silicon is an ideal 
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material to serve this role because of its ability to conduct electricity at room temperature as well 

as higher temperatures.22 Additionally, silicon is the second most abundant element on Earth, 

making the mass production of silicon-based semiconductors economically feasible. 

Silicon wafers are atomically smooth (root-mean-square (rms) roughness around or 

below 1 nm),23 which makes them ideal for characterization using atomic force microscopy 

(AFM), and the high refractive index (n = 3.88) of silicon allows for the use of ellipsometry to 

measure the thickness of thin films prepared on silicon wafers. Their surfaces are characterized 

by the presence of silanol groups, which offer the potential for chemical functionalization. This 

combination of properties makes silicon wafers ideal for use in academic research labs such as 

the work with PVOH thin films described here. 

Silicon wafers are comprised of three layers (Figure 3): 

(1) Silicon bulk – crystalline silicon, which exists in the diamond cubic crystal structure.  

(2) Silica (silicon dioxide) – in the presence of oxygen and humidity in the air, a native 

oxide layer of thickness on the order of 10 Å forms in a layer-by-layer manner.24  

 (3) Surface silanol and siloxane groups – dotting the surface of the native oxide layer are 

silanol and siloxane groups that form spontaneously during surface reconstruction to reduce the 

high surface energy of the silicon dioxide layer.25 Silanol groups make the surface of silicon 

wafers hydrophilic and have a pKa of 5.6, which allows them to be deprotonated to form 

silanolate groups.26  
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Figure 3. Silicon wafers consist of three layers: a bulk layer of crystalline silicon, whose high 

surface energy is reduced by the spontaneous formation of a silicon dioxide layer. This native 

oxide layer is dotted with surface silanol and siloxane groups that render the wafer hydrophilic. 

 

1.4 Comparison Polymers 

In order to investigate the role that crystallinity plays in the adsorption and stability of 

polar thin films, several amorphous water-soluble polymers were investigated. Information 

regarding each of these polymers is summarized in Table I. 

1.4.1 Poly(acrylic acid) (PAA) 

Poly(acrylic acid) (PAA) is an amphiphilic, water-soluble, synthetic weak polyelectrolyte 

prepared via the radical polymerization of acrylic acid.27 Each repeat unit (Figure 4) consists of 

a carboxylic acid that can be deprotonated (pKa 4.5-6.5),28,29,30 rendering the polymer negatively 
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charged. This results in electrostatic repulsion of nearby polymer chains. Unlike PVOH, PAA is 

amorphous.29  

 

Figure 4. The structure of a repeat unit of poly(acrylic acid) 

PAA is non-toxic, biocompatible, adhesive (due to the presence of carboxylic acid 

groups), and can be crosslinked to improve its mechanical properties, which makes it an ideal 

candidate for use in medical adhesives, biomedical nanocomposites, drug storage and delivery 

materials, packaging materials, and pharmacology, among other biological and medical 

purposes.31 

1.4.2 Poly(allylamine hydrochloride) (PAH) 

Poly(allylamine hydrochloride) is also an amphiphilic, water-soluble, synthetic, weak 

polyelectrolyte prepared via the polymerization of the allylamine monomer (Figure 5), which 

contains a primary amine that is responsible for many of the characteristic properties and 

behaviors of PAH. PAH cannot be prepared via radical polymerization due to a phenomenon 

termed degradative chain transfer, in which the allylic hydrogen is transferred to the radical at 

the growing ends of the polymer, thus terminating the polymerization process.32,33,34 Instead, 
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PAH can be prepared by polymerizing an inorganic salt of allylamine via bulk or solution 

polymerization followed by swapping of the salt used during synthesis for hydrochloride.35,36,37 

Like PAA, PAH is amorphous,37 offering a good point of comparison to PVOH. At neutral pH, 

the amine group is protonated, and the polymer is positively charged; however, the amine group 

can be deprotonated (pKa ~8.7),30,38 rendering the polymer neutral. 

 

Figure 5. The structure of the repeat unit of poly(allylamine hydrochloride) 

The most common application for PAH is in layer-by-layer (LBL) engineered capsules, 

which are hollow capsules on the order of microns or nanometers. These capsules can be 

prepared using a number of synthetic or naturally occurring materials, but a common technique 

is to alternately layer cationic and anionic polyelectrolytes, such as PAH and PAA,39 onto a 

support that is ultimately removed to create a concavity within the capsule. These capsules have 

been used for drug delivery, sensing, catalysis and microreactors.40 

1.4.3 Poly(sodium 4-styrenesulfonate) (PSS) 

Poly(sodium 4-styrenesulfonate) (PSS) is a water-soluble, synthetic strong 

polyelectrolyte prepared via free radical polymerization.41,42,43 As a polyanion, PSS always 
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possesses a negative charge due to the dissociation of the sodium counterion that leaves behind 

negative sulfate groups on the polymer (repeat unit shown in Figure 6). Despite this electrostatic 

charge, PSS is amphiphilic due to its hydrophobic carbon backbone and aromatic rings. PSS is 

amorphous and atactic like PAA and PAH. 

 

Figure 6. The structure of the repeat unit of poly(4-styrenesulfonate) 

Much of its potential for biomedical use stems from the permanent electrostatic charge on 

PSS, which makes it a conducting polymer. There are a number of tissue types that respond to 

electrical fields, so the incorporation of conducting polymers such as PSS into biomaterials 

combined with the application of an external electric field allows for localized electric 

stimulation that can support naturally occurring processes. A form of PSS in which it is 

combined with a polycation called poly(3,4-ethylenedioxythiophene) (PEDOT) to form the 

copolymer PEDOT:PSS has received significant attention from the biomedical field due to its 

electrochemical, thermal, and oxidative stability.44 PEDOT:PSS has been used for its conducting 
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properties in various tissue engineering applications such as bone healing45,46 and neuronal 

differentiation.47 PSS has also been incorporated into LBL assemblies, as described above, with 

cationic polyelectrolytes such as PAH.48 Additionally, PSS acts as a cation exchange resin (the 

sodium counterion can be exchanged with another available cation), a property that has been 

exploited for the treatment of hyperkalemia49 (elevated levels of potassium) and lithium 

toxicity.50 

1.4.4 Poly(vinyl pyrrolidone) 

Poly(vinyl pyrrolidone) (PVP) is an amphiphilic, water-soluble, synthetic polymer 

prepared via the free radical polymerization of vinylpyrrolidone (Figure 7)51. Each repeat unit 

possess a pyrrolidone group, whose ketone and tertiary amine endow it with some hydrophilicity 

while the carbon backbone is responsible for its hydrophobicity, resulting in an overall 

amphiphilic polymer that is soluble in both aqueous and organic solvents.51 PVP is amorphous 

and can be comprised of a range of tacticities depending on the preparation conditions.52 Unlike 

PAA and PAH, PVP is not a weak polyelectrolyte, so it is not ionizable, and unlike PSS, it does 

not bear a permanent charge. Of the comparison polymers, it is most like PVOH due to its 

amphiphilicity, water-solubility, and neutrality; it differs only in its lack of crystallinity, offering 

the opportunity to isolate crystallinity as a variable in thin film deposition and stability. 
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Figure 7. The structure of the repeat unit of poly(vinyl pyrrolidone) 

It has been well-established that PVP adsorbs to silica, with both hydrogen bonding and 

the hydrophobic effect driving adsorption.53,54,55,56,57. The proposed mechanism for hydrogen 

bonding is shown schematically in Figure 8.54 Additionally, PVP is non-toxic, pH-stable, 

biocompatible, and biodegradable, which has earned it a role in many industries primarily 

pharmaceuticals and cosmetics. For example, the ability of PVP to inhibit the crystallization of 

polymers and act as a complexing agent allows it to increase the solubility of poorly soluble and 

high-dose drugs, thus increasing bioavailability.58,59 PVP has also been used for gene delivery,60 

in hairsprays,61 and as an antiseptic when complexed with iodine.62,63 

 

Figure 8. The lone pair of electrons on the pyrrolidone nitrogen shift to form a pi bond with the 

carbonyl carbon, placing a formal negative charge on the carbonyl oxygen that allows it to 

hydrogen bond with the silanol groups on the silicon substrate. 
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Table I. Repeat unit structure, crystallinity (tacticity), glass transition temperature (Tg), and pKa 

of PVOH and the four comparison polymers used in this work. 

Polymer 
Name Repeat Unit Crystallinity 

(Tacticity) Tg pKa 

PVOH 

 

Semicrystalline 
(Atactic) 95 oC64 N/A 

PAA 

 

Amorphous 103 oC64 4.5-6.528,29,30 

PAH 

 

Amorphous 225 oC65 8.730,38 

PSS 

 

Amorphous 230 oC66 N/A 

PVP 

 

Amorphous 175 oC67 N/A 
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1.5 Spin Coating 

1.5.1 Introduction 

There exists a variety of methods for preparing thin films which can be classified broadly 

as either physical or chemical deposition techniques. Within the former is a family of methods 

termed sol-gel techniques, which use gravitational or centrifugal force to spread a solution over a 

substrate and evaporation to remove excess solvent.68 Two of the most common sol-gel 

techniques are dip coating and spin coating, the second of which is the focus of the work 

described here. 

Spin coating takes place in four steps,69 depicted in Figure 9: 

1. Deposition: polymer solution is introduced to the surface of the substrate, which is 

mounted on a stage. 

2. Spin up: the stage on which the substrate is mounted begins to spin, and under the 

centrifugal force of the spinning stage, the polymer solution spreads to cover the 

entire surface of the substrate.  

3. Spin off: as polymer solution flows radially outward, excess solution is spun off the 

substrate. In the case of non-volatile, Newtonian solutions, the liquid film becomes 

nearly uniform in thickness as it thins due to spin-off of excess polymer solution. 

4. Evaporation: solvent evaporates, leaving behind concentrated polymer chains that 

form the solid thin film. Solvent evaporation overlaps with the three previous steps, 

but its effect becomes most pronounced towards the end of spin-off, when the film is 

thin enough for evaporation to significantly impact the local concentration of 

polymer. 
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In the event of favorable chemical interactions between the polymer chains and substrate, 

polymer will spontaneously deposit onto the surface of the substrate before spin is initiated, 

forming what has been termed the h1 component of the total thin film thickness.70 This process is 

referred to as spontaneous deposition. The rest of the film, the h2 component, forms via spin 

deposition as the liquid layer of polymer solution thins due to spin-off and solvent departs via 

evaporation.70 Because the h1 layer contributes to the total thickness of the resulting film and 

depends on the amount of time allowed for spontaneous deposition to occur, the amount of time 

between deposition and spin-up is maintained constant across all trials so that any contribution to 

total film thickness from the spontaneously deposited layer is consistent across samples. To note 

this modification of the traditional spin coating procedure, the process involving the time-

sensitive spontaneous deposition step has been termed “adsorptive spin coating.” All mentions of 

spin coating experiments henceforth refer to adsorptive spin coating. 

 

Figure 9. Spin coating takes place in four stages: deposition, spin up, spin off, and evaporation. 

Spontaneous deposition of polymer occurs immediately after deposition, forming an h1 layer 

whose thickness is independent of spin rate but depends on polymer-substrate interactions and 

time allowed for deposition. Spin deposition occurs while solution is spun off and solvent is 
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evaporated, forcing remaining polymer chains to deposit. This forms the h2 layer that is 

dependent on spin rate and polymer-polymer interactions. 

 

1.5.2 Theory 

The thickness of thin films is of critical importance for most applications; therefore, the 

past several decades have seen significant attention dedicated to the development of 

mathematical models to describe the spin coating process with the goal of achieving tunable 

thickness. One of the most prevalent models used to predict the thickness of spin coated polymer 

thin films is the Meyerhofer Model (Eq. 1)71: 

ℎ! ∝ 𝑘𝜔
"#$ Eq. 1 

where k is a proportionality constant related to the viscosity of the polymer solution. However, a 

range of exponents deviating from the − #
$
 proposed by Meyerhofer have been reported,72,73 and 

such deviations may be partially explained by the assumptions made during the derivation of this 

model: 

(1) It is assumed that the evaporation and spin off (outflow) stages occur independently 

and do not overlap. 

(2) The model does not account for the polymer-substrate interactions that drive 

spontaneous deposition and the formation of the h1 layer. 

(3) The model assumes that there is no slip at the substrate-solution interface, which is 

not accurate for scenarios where dewetting occurs. 
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1.6 Dewetting 

1.6.1 Contact Angle 

In the bulk of a material, molecules are able to form favorable cohesive interactions with 

neighboring molecules of the same material, but for a molecule to exist at the surface of the 

material, it must break half the bonds it had with neighboring molecules and therefore reduce the 

number of favorable cohesive interactions it participates in. This breaking of bonds results in two 

forces associated with the surface of a material: an inward force of attraction experienced by 

surface molecules that are attracted to bulk molecules and a force parallel to the surface that 

arises from the attractive intermolecular forces between molecules of the same material at the 

surface.74,75 The former is surface tension, and the stronger the intermolecular forces between 

molecules of the material, the greater the surface tension. Because it requires energy to disrupt 

intermolecular interactions and create a surface, liquids tend to occupy a three-dimensional shape 

that minimizes their surface area, most commonly a spherical droplet. 

In the case of a liquid thin film on a solid substrate, there are three surfaces, or interfaces: 

the solid/liquid interface, the solid/gas interface, and the liquid/gas interface. These three 

parameters combine to express the spreading coefficient according to the equation below:75,76 

𝑆 = 𝛾%& − (𝛾%' + 𝛾'&) Eq. 2 

where 𝛾%& , 𝛾%', and 𝛾'&  are the surface tensions of the solid/gas, solid/liquid, and liquid/gas 

interfaces, respectively. The spreading coefficient, 𝑆, dictates the wetting regime of the system 

(Figure 10): 

(1) Total wetting: When 𝑆 > 0, the liquid spreads across the entire solid surface and 

forms a continuous liquid layer. If 𝑆 > 0, 𝛾%&  must be greater than 𝛾%' and 𝛾'&  
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combined, so it is more energetically costly to have an exposed solid/gas interface 

than solid/liquid and liquid/gas interfaces. Therefore, the system can reduce its energy 

if the liquid spreads to cover the substrate and minimize the solid/gas surface energy. 

(2) Partial wetting (dewetting): When 𝑆 < 0, the liquid retracts from the surface and 

beads up, resulting in areas of exposed solid/gas interface. If 𝑆 < 0, 𝛾%&  must be less 

than 𝛾%' and 𝛾'&  combined, so it is more energetically costly to have solid/liquid and 

liquid/gas interfaces. Therefore, the system can reduce its energy if the liquid retracts 

from the solid surface (to minimize solid/liquid surface energy) and forms 

hemispherical droplets (to minimize liquid/gas surface energy). 

 

Figure 10. Partially wetting fluids retract from their solid substrates and form hemispherical 

droplets, while totally wetting fluids spread across their solid substrates and form continuous 

liquid films. 

At equilibrium, that is when the drop is not moving and its volume is constant, the 

horizontal components of the forces created by the three surface tensions are in equilibrium 

(Figure 11): 

𝛾%& = 𝛾%' + 𝛾'& cos(𝜃) Eq. 3 
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This equation can be rearranged to give Young’s equation for determining the contact 

angle of a liquid layer on a substrate:76 

𝛾'& cos(𝜃) = 𝛾%& − 𝛾%' Eq. 4 

 

Solving Eq. 2 for 𝛾%&  and plugging it into the above equation makes it possible to 

estimate the contact angle based on the wetting regime of the film: 

𝑆 = 𝛾'&[cos(𝜃) − 1] Eq. 5 

 

From Eq. 5 it can be seen that for there to be a contact angle (i.e. for partial wetting to 

occur) the spreading coefficient, 𝑆, must be negative because cos(𝜃) is undefined for values 

greater than 1 and less than -1 (and 𝛾'&  is always greater than or equal to zero, so %
(!"

 will have 

the same sign as S). 

 

Figure 11. The contact angle of a fluid on a solid substrate is a product of the balance between 

the forces created by the solid/gas, solid/liquid, and liquid/gas surface tensions. 
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1.6.2 Mechanisms of Dewetting 

As described in the previous section, dewetting (i.e. partial wetting) refers to the process 

by which a material coated on a surface retracts from the surface and beads up. The opposite 

process, wetting or spreading, results in the uniform coating of a surface and production of a 

stable thin film. The balance between cohesive (polymer-polymer) and adhesive (polymer-

substrate) forces dictates whether a polymer solution will wet or dewet a given substrate. If the 

cohesive forces dominate, the film will dewet the surface; if the adhesive forces dominate, the 

film will wet the surface. In many applications, dewetting is an obstacle to be avoided because 

most applications of thin films depend on their stability and continuous coverage of the 

underlying substrate. However, there has more recently emerged an interest in harnessing 

controlled dewetting to produce patterned thin films for applications such as magnetic recording, 

organic semiconductors, and biosensors.77 

Dewetting occurs in three stages:78  

(1) Rupture of the liquid layer: A liquid film can rupture by any combination of three 

mechanisms: nucleation of defects on the substrate surface (heterogeneous 

nucleation), amplification of thermal fluctuations at the surface of the film until the 

point of contact with the underlying substrate (spinodal dewetting), or nucleation 

caused by thermal energy that increases polymer chain mobility sufficiently to allow 

films to overcome an energy barrier to film thinning (thermal nucleation).75 Thermal 

fluctuations at the surface of the liquid film are driven by the disjoining pressure that 

allows the film to reduce its free energy by altering the distance between the liquid-air 

and solid-liquid interface (i.e. altering the film thickness). During spinodal 
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decomposition, the thermal fluctuation with the fastest growing amplitude is 

responsible for the rupture of the film because it makes contact with the substrate 

before fluctuations of slower-growing amplitude can reach the substrate. The spacing 

between the holes is proportional to the wavelength of the fluctuation with the fastest-

growing amplitude, which has been shown to be proportional to the thickness of the 

film squared.78 Each of the three dewetting mechanisms produces films with distinct 

final morphologies, which are shown in Figure 12. 

(2) Hole growth and convergence: Once a hole has formed, the liquid-air and solid-liquid 

interfaces are in contact, resulting in a contact angle formed by the edge of the 

receding liquid layer and the substrate (as depicted in Figures 11). The velocity of 

hole growth, which is constant with time, is proportional to the cube of the contact 

angle.78 As the holes grow in size, they impinge on neighboring holes, and the rims 

forming the boundaries between holes drain to form larger holes out of the converged 

smaller holes. Finally, the larger holes converge with each other and form a polygonal 

pattern outlined by ribbons of polymer solution (Figure 13). 

(3) Formation of droplets: Finally, the ribbons of solution decay into droplets according 

to one of two mechanisms depending on the contact angle of the polymer solution on 

the substrate (Figure 13). For large contact angles, fingering instabilities drive the 

decay of ribbons into droplets; whereas for small contact angles, Rayleigh instabilities 

are responsible for the decay of the ribbons into droplets.78 Once the droplets have 

formed, exchange of material between them is not possible, so the film ceases to 

change in morphology. 
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Figure 12. There are three mechanisms by which a liquid thin film can rupture. Spinodal 

dewetting (a) produces small holes of uniform size separated by a distance proportional to film 

thickness squared. Thermal nucleation (b) produces randomly spaced holes of various sizes 

because it occurs continuously over a long time frame. Heterogeneous nucleation (c) produces 

large holes with a random distribution and spaced far apart.79 
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Figure 13. The final stage of dewetting is characterized by ribbons of polymer that have decayed 

into droplets.78 

1.6.3 Theory of Dewetting 

The total free energy of a liquid thin film per unit area depends on the interactions 

between the solid, liquid, and gas phases and can be expressed as the sum of the apolar and polar 

components of these energies of interaction:80 
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∆𝐺)*)+, = ∆𝐺%'&-. + ∆𝐺%'&.  Eq. 6 

The apolar contribution to total free energy is given by the equation below:80 

∆𝐺%'&-. = 𝑆-.
𝑑/

$

ℎ$  Eq. 7 

where 𝑆-. is the apolar component of the total spreading coefficient, S, 𝑑/ is the 

equilibrium distance for film thickness due to short-range Born repulsion (i.e. the minimum 

thickness for a film of 1 polymer chain, below which repulsive forces dominate), and h is the 

film thickness. 

The polar contribution to total free energy is given by the equation below:80 

∆𝐺%'&. = 𝑆.𝑒
0#"1
,  Eq. 8 

where 𝑆. is the polar component of the total spreading coefficient, S, and 𝑙 is the 

correlational length (distance below which molecules interact) of the polar fluid, water. 

Note that for both Eq. 7 and Eq. 8, when the film thickness equals the minimum thickness 

(ℎ = 𝑑/), the free energy of both the apolar and polar components of the total free energy are 

equal to the corresponding component of the spreading coefficient. 

The spreading coefficient is equal to the sum of the apolar and polar components of 

spreading and related to the contact angle (𝜃) of the fluid on the solid substrate as follows81: 

𝑆 = 𝑆-. + 𝑆. = 𝛾'&(𝑐𝑜𝑠𝜃 − 1) Eq. 9 

Differentiating the total free energy of the film per unit area gives the total free energy 

per unit volume, otherwise referred to as the effective interface potential per unit volume. 

Because the negative derivative of energy is force, differentiating the total free energy per unit 
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area also gives the negative force per unit area, or the negative of the disjoining pressure (this is 

related to the intermolecular forces per unit area):80,81 

∆𝐺)*)+, = ∆𝐺%'&-. + ∆𝐺%'&.  Eq. 10 

∆𝐺)*)+, = 𝑆-.
𝑑/

$

ℎ$ 	+ 	𝑆.𝑒
0#"1
,   

∆𝐺′)*)+, = −2𝑆-.
𝑑/

$

ℎ2 −	
𝑆.
𝑙 𝑒

0#"1
, =	−𝑃 = 	−

𝐹
𝐴 Eq. 11 

 

The negative derivative of the potential energy of the system per unit volume, Eq. 11, is 

given by Eq. 12 

∆𝐺′′)*)+, = 6𝑆-.
𝑑/

$

ℎ3 +
𝑆.
𝑙$ 𝑒

0#"1
,  Eq. 12 

 

Spinodal dewetting occurs when thermal fluctuations at the surface of the film grow 

spontaneously until they make contact with the substrate and cause the film to rupture. The 

wavelength of the fastest growing fluctuation, which has been shown to correlate to the spacing 

between holes, is related to Eq. 12:79,81 

𝜆 = F−
8𝜋𝜎

∆𝐺′′)*)+,
 Eq. 13 
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where 𝜎 is surface tension of the film. There is only a real solution to Eq. 13 when ∆𝐺′′)*)+, is 

negative. Therefore, spinodal dewetting is only observed in situations where the second 

derivative of the total free energy of the system is negative. 

1.6.4 Stability of Thin Films 

Seeman et. al. has shown that it is possible to reconstruct the effective interface potential 

per unit area, f, from observed dewetting morphologies of polystyrene thin films spin coated on 

silicon from toluene solution. In this study, they presented three scenarios of dewetting 

distinguished by f of the film as a function of initial film thickness, h (Figure 14). These three 

scenarios are: 

(1) Stable (curve 1): When 𝜙(ℎ) > 0 and 𝜙′′(ℎ) > 0 for all film thicknesses, there is a 

global minimum at infinite film thickness, and free energy increases exponentially as 

film thickness decreases. This means that it is energetically costly for the film to thin 

and dewet via spinodal dewetting, so it is stable at all film thicknesses. Films in the 

stable scenario can only dewet via heterogeneous nucleation (i.e. a defect or dry spot 

on the substrate, see section 1.6.2). 

(2) Unstable (curve 2): When there is a global minimum in 𝜙(ℎ) at some film thickness 

ℎ = ℎ∗, the system can decrease energy by reducing its thickness to ℎ∗ (assuming the 

initial film thickness is greater than ℎ∗), which is accomplished via spinodal 

dewetting. In this scenario,  𝜙55(ℎ) < 0 for most film thicknesses greater than ℎ∗. In 

section 1.6.3 it is shown that there is only a real solution to Eq. 13 when ∆𝐺′′)*)+, (i.e. 

𝜙′′(ℎ)) is negative. This is in agreement with the reconstructed free energy curves 

obtained by Seeman et al. (Figure 14). 



 26 

(3) Metastable (curve 3): metastable films behave like unstable films at lower film 

thicknesses, when 𝜙55(ℎ) < 0 and the film can spinodally dewet to the thickness, ℎ∗, 

corresponding to the global minimum. However, at greater film thicknesses, 𝜙55(ℎ) >

0, and there is an energy barrier to reducing the film thickness. For values of ℎ 

greater than the local maximum, metastable films behave like stable films. Near the 

sign change of 𝜙55(ℎ), it is possible for the film to overcome the energy barrier to 

film thinning if sufficient thermal energy is applied to the system. This dewetting 

mechanism is thermal nucleation, and annealing thin films is a common method used 

to distinguish between stable and metastable films.  

 

Figure 14. There are three scenarios for film stability based on how a film’s effective interface 

potential per unit area, f, changes with film thickness. Curve 1 represents a stable system, curve 

2 represents an unstable system, and curve 3 represents a metastable system. There is a global 
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minimum in the free energy functions of unstable and metastable films at film thickness h* that 

allows these films to dewet spinodally. 
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2. MATERIALS AND METHODS 

Materials 

Silicon wafers (100 orientation, P/B doped, resistivity 1-10 Ω·cm, thickness 475-575 μm) 

were purchased from International Wafer Service. Poly(vinyl alcohol) (PVOH 99%H, MW = 89-

98 kDa and >99% hydrolyzed; PVOH 88%H, MW = 85-124 kDa and 88% hydrolyzed), 

Poly(allylamine hydrochloride) (PAH, MW = 50,000), Poly(sodium 4-styrenesulfonate) (PSS, 

MW = 70,000), and Poly(vinyl pyrrolidone) (PVP, MW = 40,000) were purchased from Sigma-

Aldrich. Poly(acrylic acid) (PAA, 25 wt% solution, MW = 50,000) was purchased from 

Polysciences. Oxygen gas (99.999%) was purchased from Middlesex Gases Technologies. Water 

was purified using a Millipore Milli-Q Biocel System (Millipore Corp., resistivity ≥ 18.2 

MΩ/cm). All reagents were used without further purification. Glassware was cleaned in a base 

bath (potassium hydroxide in isopropyl alcohol and water), rinsed with distilled water, and stored 

at 110 °C. 

 

Instrumentation 

Silicon wafers and glassware were dried in a Precision 51221126 Gravity Convection 

Lab Oven (Thermo Fisher Scientific, Inc., USA). The silicon wafers were cleaned using an O2 

plasma treatment in a PDC-001 Harrick plasma cleaner. Spin coating was done using a Laurell 

WS-650MZ-23NPPB single wafer spin processor. Annealing of the thin films was done using a 

150/Timer heater (J-KEM Scientific, Inc.). The size and dispersity of prepared polymer solutions 

were measured using a Zetasizer Nano-S (DLS) from Malvern. Thin film thickness and silicon 

wafer native oxide layer thickness were measured using a Gaertner Scientific LSE Stokes 

ellipsometer with a He-Ne laser light source (λ=632.8 nm) at a 70° incident angle (from the 
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normal to the plane of incidence). The following refractive indices were used to calculate the 

surface layer thicknesses: air, n0 = 1; silicon oxide and polymer layers, n1 = 1.46; silicon 

substrate, ns = 3.85, and ks = −0.02. Dynamic contact angle measurements were obtained using a 

Rame-Hart telescopic goniometer with a Gilmont syringe and a 24-gauge flat-tipped needle. 

Dynamic advancing and receding contact angles were captured with a camera and analyzed 

digitally. The nanoscopic surface morphology of the silicon wafers and polymer thin films was 

characterized using a Veeco Metrology Dimension 3100 atomic force microscope (AFM) with a 

silicon tip operating in tapping mode. Microscopic features of the thin films were characterized 

using an Olympus BX51 optical microscope in reflective dark field. The pH of polymer solutions 

was measured using an AB150 pH meter from Fisher Scientific. 

 

Substrate Preparation 

Silicon wafers were cut into 1.4 cm x 1.4 cm squares (2.0 cm x 2.0 cm were used for drop 

casting experiments and spin coating PSS, PAA-, and PAH at 900 rpm). Wafers were cleaned by 

rinsing under distilled water, drying with compressed air, and storing for 30 minutes in a glass 

petri dish in an oven at 110 °C. Next, wafers underwent a 15-minute oxygen plasma treatment at 

300 mTorr in a 30 W plasma cleaner. Finally, wafers were allowed to equilibrate for an 

additional 15 minutes in a closed petri dish inside the plasma cleaner prior to removal to 

minimize the accumulation of dust and other impurities on the highly reactive and energetic 

surface. 

 

Polymer Preparation 
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PVOH solutions were prepared by dissolving the desired amount of PVOH powder in 

Milli-Q water in a clean polypropylene bottle and heating at 88-94 °C for 3 hours while stirring. 

The PVOH solutions were allowed to equilibrate for at least 3 days prior to characterization of 

dispersity using DLS and subsequent use.  

 

PAA solutions of 0.1 wt% were prepared by adding 200 µL 25 wt% PAA stock solution 

to 49.80 mL Milli-Q water with continuous stirring on a stir plate. The dispersity of the PAA 

solutions was characterized immediately following preparation. Charged PAA- solutions were 

prepared by adding approximately 700-800 µL of 1.0 M NaOH to 50 mL 0.1 wt% PAA solutions 

prepared using the aforementioned protocol. The 700-800 µL of NaOH were added in 100 µL 

increments at least 2 minutes apart to allow for maximum dispersion of the NaOH and 

deprotonation of the PAA. PAA- solutions were titrated to pH values ranging from 8-11 in order 

to probe the effects of pH on PAA aggregation. The dispersity of the PAA- solutions was 

characterized immediately following preparation. In order to investigate the effects of heating on 

PAA- aggregation, PAA- solutions were boiled at 90 °C for 1 hour in a water bath on a heating 

plate. The dispersity of the boiled PAA- solutions was characterized immediately following 

boiling (after allowing solutions to cool for several minutes). 

 

To prepare diluted solutions of PAA- for drop casting experiments, 5 mL of 0.1 wt% 

PAA- was dissolved in 45 mL Milli-Q water to produce 0.01 wt% PAA-. Next, 5 mL of 0.01 

wt% PAA- was dissolved in 45 mL Milli-Q water to produce 0.001 wt% PAA-. The pH of each 

solution was measured after each dilution step. 
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PAH solutions of 0.1 wt% were prepared by adding 0.050 g PAH powder to 49.950 g 

Milli-Q water with continuous stirring on a stir plate for several days to completely dissolve the 

powder. Following several days of equilibration, the hydrodynamic size and dispersity of PAH 

solutions was characterized using DLS. A series of PAHSiO- solutions were prepared by adding 0, 

30, 60, 90, 120, 150, and 170 µL 1.0 M NaOH each to a 50 mL batch of 0.1 wt% PAH. Each 

amount of NaOH was added in 30 µL increments under constant stirring. The pH of each 

solution was measured, and DLS was used to measure the hydrodynamic size and dispersity of 

each solution. 0.1 wt% PAH titrated to a pH of 6.5 was used for spin coating experiments 

because this was anticipated to be sufficient to deprotonate the silicon wafer (pKa ~5.6) but not 

the polymer (pKa ~8.8). 

 

PSS solutions of 0.1 wt% were prepared by dissolving 0.050 g of PSS powder in 49.950 

g of Milli-Q water and stirring. The hydrodynamic size and dispersity of PSS solutions were 

characterized using DLS immediately following preparation. 

 

PVP solutions of 0.1 wt% were prepared by dissolving 0.050 g PVP powder in 49.950 g 

of Milli-Q water and stirring. The hydrodynamic size and dispersity of PVP solutions were 

characterized using DLS immediately following preparation. 

The solution pH, polymer charge, and substrate charge for each polymer system are 

displayed in Table II. 
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Table II. Structure, pKa, solution pH, polymer charge, and substrate charge for each polymer 

system.  

Polymer 
Name Polymer Structure Polymer 

pKa Solution pH Polymer 
Charge 

Substrate Charge 
(pKa ~5.6) 

PVOH 
99%H 

 

-- 6-7 Neutral Negative 

PVOH 
88%H 

 

-- 6-7 Neutral Negative 

PAA 

 

4.5-6.5 3.27 Neutral Neutral 

PAH 

 

8.7 3.21 Positive Neutral 
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PSS 

 

-- 5.89 Negative Neutral/Negative 

PAA- 

 

4.5-6.5 8-11 Negative Negative 

PAHSiO- 

 

8.7 7 Positive Negative 

 

 

Adsorptive Spin Coating 

For spin coating experiments, 100 µL (for the 1.4 x 1.4 cm2 wafers) or 200 µL (for the 

2.0 x 2.0 cm2 wafers, used for 900 rpm) of the polymer solution was pipetted onto the substrate 

mounted on the spin coater stage and allowed to spontaneously adsorb for 1 minute. Then the 

sample was spun at a desired spin rate (spin rates of 900, 1400, 2200, 3500, 4800, and 6000 rpm 

were used to produce films with a range of thicknesses and generate spin curves for each 

polymer). Following spin, the thicker samples (900 and 1400 rpm) were placed flat on a 
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benchtop and allowed to air dry for several minutes. Once all samples were dry, they were stored 

in a well plate in a desiccator overnight before characterization. 

 

Static Adsorption 

Static adsorption experiments were conducted for 1 and 10 minutes; it was determined 

that both 1-minute and 10-minute static adsorption produced films of comparable thickness. 

Results reported in Section 3.4 were obtained using the 10-minute static adsorption protocol. 

Results reported in Section 3.5 were obtained using the 1-minute static adsorption protocol. 

 

For 1-minute static adsorption, wafers were placed on a cap inside a petri dish, and 100 

µL of the desired polymer solution was pipetted onto the wafer. After 1 minute, the polymer 

solution droplet was diluted with 1 mL Milli-Q water, then the wafer was rinsed three times 

using Milli-Q water and dried using N2 gas. For 10-minute static adsorption, wafers were placed 

in well plates, and the wells were filled with polymer solution until the wafers were completely 

submerged. After 10 minutes, the air-solution interface was disturbed by a pair of tweezers, the 

wafers were removed from the solutions, rinsed three times with Milli-Q water, and dried with 

N2 gas. All samples were stored in a desiccator overnight prior to characterization. As a control 

experiment, static adsorption with Milli-Q water was done using the 10-minute static adsorption 

setup. 

 

Experiments done to investigate the loosely bound layer theory (Section 3.5) were 

performed using the protocol for 1-minute static adsorption. However, the number of rinse steps 

was varied: no rinse, 1 rinse, and 3 rinse steps were all tested. For the no rinse samples, wafers 
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were tapped dry, and for the 1x rinse and 3x rinse samples, one rinse step consisted of diluting 

the polymer solution on the wafer with 1 mL Milli-Q water (this was done once for 1x rinse and 

three times for 3x rinse). The N2 gas drying step remained the same for all samples regardless of 

the number of rinse steps. 

 

Drop Casting 

Drop casting was performed with 0.1 wt%, 0.01 wt%, and 0.001 wt% PAA and PAA-. 

200 µL polymer solution was pipetted onto 2.0 x 2.0 cm2 wafers in a petri dish, which were 

allowed to air dry overnight with the lid of the dish partially removed. The next day, samples 

were stored in a desiccator until characterization. 

 

Annealing 

To test the stability of spin cast PVOH 99%H, PVOH 88%H, and PVP films, samples 

were placed in glass scintillation vials, which were placed in a heater at 100 °C for 30 minutes 

(thermal annealing was performed for 15, 30 and 60 minutes initially, but no difference in 

thickness, morphology, or contact angle was observed past 30 minutes of heating, so all 

subsequent annealing experiments were performed for 30 minutes). Following 30 minutes of 

thermal annealing, samples were returned to a well plate and stored in a desiccator until 

characterization. 

 

To test the stability of statically adsorbed PAA and PAA- (Section 3.5), samples were 

placed in glass scintillation vials, and 20 µL of Milli-Q water was added to the bottom of the 

scintillation vial such that it was not in contact with the wafer. The scintillation vials were placed 
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in a heater at 100 °C for 30 minutes. Following 30 minutes of thermal annealing, the caps of the 

vials were removed while the vials were still on the heating plate to release the water vapor so 

that it did not condense onto the samples upon removal from the heater. After venting the vials, 

they were removed from the heater, and the samples were returned to a well plate and stored in a 

desiccator until characterization. (The difference between the two annealing protocols described 

is not due to a difference in the polymers, but simply reflects an updated version of the thermal 

annealing protocol.) 
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3. RESULTS AND DISCUSSION 

The work described here aims to contribute to the ongoing effort to propose and validate 

a new model for predicting the thickness of spin coated polymer thin films. The existing 

Meyerhofer model establishes a correlation between the spin coated thickness and the spin rate 

raised to the power of -0.5; however, experimental results often do not agree with this model. 

One of the oversights of the Meyerhofer model is that it does not consider the two deposition 

mechanisms involved in spin coating: spontaneous deposition forms an h1 layer independent of 

spin rate and reflective of polymer-substrate interactions, and spin deposition forms an h2 layer 

dependent on spin rate and reflective of polymer-polymer interactions. 

In order to validate this decoupled thickness model and probe the effects of polymer 

crystallinity, hydrophobicity, and charge on the stability of polymer thin films, each polymer 

system was first characterized as either stable, metastable, or unstable, and spin curves were 

generated for each system. In order to obtain an h2 spin curve for each system, static adsorption 

experiments were used to produce h1 layer thickness values for each system. These h1 thickness 

values were then subtract from the corresponding polymer’s spin curve at all spin rates to 

produce an h2 spin curve that is anticipated to better match the Meyerhofer model. 

Thickness values were obtained using ellipsometry. Film morphologies were visualized 

at the nanoscopic scale using atomic force microscopy (AFM) and at the microscopic scale using 

optical microscopy. Contact angle goniometry was used to determine the advancing and receding 

contact angles of water on the polymer films, which give an indication of the degrees of 

hydrophobicity and hydrophilicity of the films, respectively. 

h1 layer thicknesses obtained from static adsorption did not match expectations based on 

the properties of each polymer system and what was projected by spin coated film thicknesses at 
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the highest spin rate (which is typically an indicator of h1 layer thickness). This discrepancy was 

attributed to the fact that part of the h1 layer is more loosely bound than the initial layer of 

polymer deposited, and this loosely bound layer is easily removed by the rinse steps involved in 

the static adsorption process. Therefore, the final section of the results details the results of the 

preliminary experiments performed to test the loosely bound layer hypothesis. Uncovering the 

existence of the loosely bound layer offers a more nuanced understanding of the polymer 

deposition process that will allow future work to determine the best experimental methods for 

obtaining the reliable h1 thickness values needed to validate the decoupled thickness model. 

 

3.1 Stable Systems 

AFM images of PVOH 99%H, PVOH 88%H, and PVP show that all three polymers form 

continuous thin films on silicon wafers across all spin rates (Table III). The absence of 

dewetting, particularly at the higher spin rates that correspond to lower film thicknesses, suggests 

that these three polymers are stable when prepared on a silicon substrate. 

 

Table III. AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), section analysis, and 

RMS roughness (in nm) of 0.1 wt% PVOH 99%H, PVOH 88%H, and PVP thin films prepared 

by spin coating on silicon wafer at various spin rates. 

Spin 
Rate 
(rpm) 

PVOH 99%H PVOH 88%H PVP 
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900 

 

RMS = 0.242 
 

RMS = 0.201 
 

RMS = 0.191 

1400 

 
RMS = 0.216 

 
RMS = 0.183 

 
RMS = 0.168 

2200 

 
RMS = 0.204 

 

 
RMS = 0.170 

 
RMS = 0.165 

3500 

 
RMS = 0.195 

 

 
RMS = 0.156 

 
RMS = 0.165 

4800 

 
RMS = 0.185 

 

 
RMS = 0.162 

 
RMS = 0.166 
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6000 

 
RMS = 0.168 

 

 
RMS = 0.175 

 
RMS = 0.174 

 

Spin curves for all three systems are shown in Figure 15. The PVOH 99%H and PVOH 

88%H spin curves indicate a strong h2 thickness dependence on spin rate evidenced by the spin 

curve exponents of -1.21 and -0.833, respectively. On the other hand, PVP has a spin curve 

exponent of -0.382 and visually appears much shallower than the other two spin curves. 

Exponents closer to zero typically correspond to a weak dependence of the h2 thickness on spin 

rate and are considered indicative of dewetting due to solution slipping across the substrate in the 

presence of centrifugal force. However, PVP films were the thickest of the three polymers at the 

highest spin rate. At high spin rates, most of the polymer solution is spun off the substrate, and 

the h2 thickness is assumed to be negligible. Therefore, the relatively large thickness values of 

the PVP spin curves at higher spin rates suggests the presence of an h1 layer. This also appears to 

be the case for the PVOH 88%H films. One feature that both PVOH 88%H and PVP share is 

their relative hydrophobicity compared to PVOH 99%H, which suggests that hydrophobic 

interactions may be a driving force for spontaneous adsorption and formation of an h1 layer on 

silicon wafers. 

Stability, as indicated by the AFM images in Table III, arises when polymer-substrate 

interactions are stronger than polymer-polymer interactions, resulting in polymer spreading. 

Therefore, it can be concluded that all three of the stable polymers have stronger polymer-

substrate interactions than polymer-polymer interactions. However, this conclusion is at odds 
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with other pieces of evidence obtained from the spin curves and from a knowledge of the nature 

of each system: 

(1) If polymer-substrate interactions are stronger than polymer-polymer interactions for 

all three polymers, why does PVOH 99%H appear to have a negligible h1 thickness unlike the 

significant h1 thicknesses observed for PVOH 88%H and PVP at high spin rates? 

(2) Why do the more hydrophobic polymers adsorb to the superhydrophilic silicon 

substrate, when it would be expected that the more hydrophilic PVOH 99%H would be better 

suited for hydrogen bonding with the silanol and silanolate groups on the substrate? 

More information about the polymer-polymer and polymer-substrate interactions in each 

system can be obtained by decoupling the spin curves into their h1 and h2 components. In order 

to do so, static adsorption experiments with each polymer on silicon wafer were performed to 

generate h1 thicknesses that could be subtracted from the total spin curve to yield spin curves 

representative of only h2 thicknesses and therefore polymer-polymer interactions. These results 

are discussed in Section 3.4. 
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Figure 15: Spin curves of 0.1 wt% PVOH 99%H, PVOH 88%H, and PVP thin films prepared 

via spin coating on silicon wafer at various spin rates. 

 

The dynamic water contact angles of 0.1 wt% PVOH 99%H, PVOH 88%H, and PVP are 

plotted as a function of spin rate in Figure 16. All three polymers display low receding contact 

angles that do not vary significantly with spin rate. However, each polymer has a unique trend in 

advancing contact angle as a function of spin rate. 

Both PVOH 99%H and PVOH 88%H have relatively large advancing contact angles at 

the lower spin rates that correspond to thicker films. Because PVOH is semicrystalline, its 

hydroxyl groups engage in the inter- and intramolecular hydrogen bonding responsible for 

crystallization, which has been reported as a driving force for PVOH adsorption to hydrophilic 

substrates.4,5 Therefore, the hydroxyl groups are not available to hydrogen bond with water, so 

the water interacts primarily with the hydrophobic backbone of the polymers or the available 
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acetate groups (in the case of PVOH 88%H). As spin rate increases, there is a decrease, to 

different extents, in the advancing contact angles of both PVOH 99%H and PVOH 88%H. This 

is likely due to the thinning of the films as spin rate increases, resulting in a reduced ability for 

polymer chains to crystallize. Because the polymer chains cannot crystallize to the same degree 

in thinner films, more hydroxyl groups are available to interact with the water at the surface and 

make the films more hydrophilic, reducing their advancing contact angles. However, the PVOH 

88%H films do not decrease in thickness as much as the PVOH 99%H films, so they retain some 

of their crystallinity and therefore not as many hydroxyl groups become freed up to interact with 

the water droplet at the surface of the film. The greater percentage of hydrophobic acetate groups 

in PVOH 88%H may also contribute to the higher advancing contact angle on PVOH 88%H 

films at greater spin rates. Additionally, as the films become thinner at higher spin rates, the 

hydrophilic silicon substrate may be detectable by the probe fluid, which contributes to the 

decrease in advancing contact angle for both PVOH 99%H and PVOH 88%H. This effect likely 

plays a larger role in PVOH 99%H films, which are thinner at the higher spin rates than the 

PVOH 88%H films. 

PVP advancing contact angles are low, approximately 10°, across all spin rates. This 

result seems counterintuitive given the relative hydrophobicity of PVP compared to PVOH, 

however, PVP is not crystalline, so the aforementioned process by which increased 

crystallization increases advancing contact angle does not apply to PVP. Additionally, the 

advancing contact angle of water on statically adsorbed PVP films is approximately 40°. This 

discrepancy is attributed to the fact that during the spin deposition step of adsorptive spin 

coating, polymers are forced to deposit in a random and thermodynamically unfavorable 

conformation in which some of the hydrophilic regions of the polymer are pointed upward. This 
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creates a hydrophilic surface with a somewhat high surface energy. In the case of static 

adsorption, however, there is more time for the PVP chains to deposit in a thermodynamically 

favorable conformation characterized by the inward orientation of hydrophilic regions of the 

polymer and outward orientation of hydrophobic regions of the polymer due to the 

hydrophobicity of air. This increases the advancing contact angle of water on statically adsorbed 

PVP films relative to their spin coated counterparts and also offers an explanation for why the 

spin coated PVP films have such a low advancing contact angle given their hydrophobicity. 

In order to confirm the stability of these systems and rule out the possibility of 

metastability, PVOH 99%H, PVOH 88%H, and PVP thin films prepared at 6000 rpm (the 

thinnest of the spin coated films) were thermally annealed. Spin coating offers a relatively short 

amount of time for polymers to adsorb to the substrate before solvent is completely evaporated. 

This results in films that are most likely in kinetically trapped states. Thermally annealing spin 

coated films increases polymer mobility and allows thin films to achieve a thermodynamically 

favorable conformation that is more representative of their true stability or lack thereof. 
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Figure 16. Dynamic water contact angles on 0.1 wt% PVOH 99%H, PVOH 88%H, and PVP 

thin films prepared via spin coating on silicon wafer at various spin rates. 

 

The AFM images of thermally annealed PVOH 99%H, PVOH 88%H, and PVP films in 

Table IV show that after thermal annealing, the films are still continuous. This is strong 

evidence that these three systems are stable. 

The thickness of PVOH 99%H, PVOH 88%H, and PVP thin films before and after 

thermal annealing are shown in Figure 17. There was negligible change in thickness following 

annealing, which confirms that the pre-annealing films did not contain a significant amount of 

water that could have contributed to swelling of the films. The consistency in thickness before 

and after annealing also confirms that there was no degradation of the films upon heating. 
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Table IV. AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), section analysis, and 

RMS roughness (in nm) of 0.1 wt% PVOH 99%H, PVOH 88%H, and PVP thin films prepared at 

6000 rpm and thermally annealed for 30 minutes at 100 °C. 

Polymer AFM Image Section Analysis RMS Roughness 

PVOH 
99%H  

 

0.149 

PVOH 
88%H  

 

0.176 

PVP 
 

 

0.166 

 

 

 



 47 

 

Figure 17. Thickness (nm) of PVOH 99%H and PVOH 88%H thin films prepared by spin 

coating at 6000 rpm before and after thermally annealing at 100 °C for 30 minutes. 

 

Figure 18. shows the change in dynamic water contact angles on PVOH 99%H, PVOH 

88%H, and PVP thin films before and after thermally annealing at 100 °C for 30 minutes. Early 

annealing experiments were conducted for 15, 30 and 60 minutes of annealing at 100 °C; 

however, it was determined that 30 minutes of annealing was sufficient to produce the observed 

changes in contact angle and that beyond 30 minutes, no further changes in contact angle 

occurred. 

Both advancing and receding contact angles on PVP thin films appeared not to change 

significantly after annealing. However, PVOH 99%H and PVOH 88%H thin films displayed 
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appear to decrease. The increase observed for PVOH 99%H may be attributable to surface 

reconstruction made possible by increased polymer mobility at higher temperature. Hydrophilic 

surfaces have higher surface tensions than hydrophobic surfaces due to the hydrophobic nature 

of air. Therefore, the PVOH 99%H thin films could reduce their surface energy by orienting their 

hydroxyl groups towards the bulk of the film and their carbon backbones towards the surface, 

thus increasing the advancing contact angle. Additionally, higher polymer mobility allows 

PVOH to increase its extent of crystallinity by forming more inter- and intramolecular hydrogen 

bonds.11,12,16 This renders hydroxyl groups in the film unavailable to hydrogen bond with water 

at the surface and increases the advancing contact angle. Because PVOH 99%H is more 

crystalline than PVOH 88%H, this crystallization process is expected to occur to a greater degree 

in PVOH 99%H films, resulting in a more drastic increase in contact angle for PVOH 99%H. 

The decrease in the contact angles on PVOH 88%H thin films after annealing may be due to 

increased hydrophobic interactions within the bulk of the film. The acetate groups, which exist in 

a greater number in PVOH 88%H, can form hydrophobic interactions in the bulk of the film, 

which drives the PVOH 88%H films to orient the carbon backbone and acetate groups inward 

and the hydroxyl groups outwards towards the surface of the film. This makes the film surface 

more hydrophilic and reduces the contact angle on PVOH 88%H. 

 



 49 

 

Figure 18. Dynamic water contact angles of 0.1 wt% PVOH 99%H, PVOH 88%H, and PVP thin 

films prepared via spin coating at 6000 rpm on silicon wafer followed by thermal annealing at 

100 °C for 30 minutes. 
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3.2 Metastable Systems 

In order to probe the effects of crystallinity and polymer charge on the stability of 

polymer thin films, spin coating experiments were conducted with a number of comparison 

polymers, described in the introduction section. PAA, PAH, and PSS were spin coated on silicon 

wafers at the same six spin rates used for the stable polymers. AFM images of these three 

systems as a function of spin rate are shown in Table V. All three systems display dewetting that 

intensifies as spin rate increases and film thickness decreases. 

Dewetting occurs when the spreading coefficient is negative because the solid-gas 

surface tension is less than the liquid-gas and solid-liquid surface tensions combined such that 

the energy of the system can be minimized by the formation of droplets and maximization of 

exposed substrate. This corresponds to greater cohesive forces than adhesive forces. Therefore, 

the dewetting displayed in the AFM images suggest that the cohesive forces of PAA, PAH, and 

PSS all outweigh their respective adhesion to the silicon substrate. 

PAA represents a neutral polymer-neutral substrate system. It is anticipated that hydrogen 

bonding between the carboxylic acids in PAA and the silanol and silanolate groups would 

contribute to strong adhesive forces. However, the dewetting observed under AFM indicates that 

the cohesive forces between polymers are stronger than the adhesive forces driving adsorption. 

This suggests that the hydrogen bonding between the polymer chains is more favorable than the 

hydrogen bonding between the polymer and the substrate, such that hydrogen bonding is 

insufficient to promote spreading. 

A similar situation is observed for PAH, which represents a positive polymer-neutral 

substrate system. In this case, cohesive forces were anticipated to be low due to electrostatic 

repulsion, while adhesive forces were anticipated to be driven by hydrogen bonding between the 
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amine and silanol groups on the substrate. The fact that dewetting was observed suggests again 

that hydrogen bonding and ionic interactions with the substrate are insufficient to promote 

spreading and that the cohesive forces remain strong enough that like charge repulsions do not 

dominate.  

PSS represents a negative polymer-negative substrate system. Therefore, the polymer-

substrate and polymer-polymer interactions are likely both characterized by electrostatic 

repulsion. Of the three systems shown in Table V, PSS dewets most extensively even at lower 

spin rates, which is likely a product of the like-charge repulsion both between the polymer and 

the substrate as well as between polymer chains. 

 

Table V. AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), section analysis, and 

RMS roughness (in nm) of 0.1 wt% PAA, PAH, and PSS thin films prepared by spin coating on 

silicon wafer at various spin rates. 

Spin 
Rate 
(rpm) 

PAA PAH PSS 

900 

 

 
RMS = 0.145 

 

 
RMS = 0.194 

 

 
RMS = 0. 0.334 
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1400 

 

 
RMS = 0.154 

 

 
RMS = 0.156 

 

 
RMS = 0.835 

2200 

 

 
RMS = 1.185 

 

 
RMS = 0.253 

 

 
RMS = 0.857 

3500 

 

 
RMS = 1.197 

 
RMS = 0.668 

 

 
RMS = 0.702 

4800 

 

 
RMS = 1.118 

 
RMS = 0.315 

 

 
RMS = 1.236 

6000 

 

 
RMS = 1.094 

 
RMS = 0.292 

 

 
RMS = 0.583 
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PAA, PAH, and PSS spin coated films show a very similar thickness dependence on spin 

rate, with all three polymers producing thinner films across all spin rates compared to the stable 

polymers (Figure 19). There are several noteworthy comparisons between the stable and 

metastable spin curves that shed some light on the relative contributions of adhesive and 

cohesive forces. 

At the highest spin rate, PAA, PAH, and PSS thin films are comparable in thickness to 

PVOH 99%H. Of the stable polymers, PVOH 99%H is the most hydrophilic, a property that it 

shares with PAA, PAH, and PSS. This supports the theory that the greater thickness of the 

PVOH 88%H and PVP films at 6000 rpm is likely due to hydrophobic interactions. Furthermore, 

because the contribution of the h1 layer is much more significant than that of the h2 layer at high 

spin rates, it would follow that hydrophobic interactions are the driving force for the formation of 

the h1 layer of the PVOH 88%H and PVP films. This is contrary to expectation because of the 

extremely hydrophilic nature of the silicon wafer and the previous research that indicates that 

hydrogen bonding is the driving force for PVOH adsorption to silicon substrates.17,18,19,20 

At low spin rates, the PAA, PAH, and PSS thin films are much thinner than all three 

stable polymer films. At low spin rates, the h2 layer is the dominant contributor to total film 

thickness. PVOH is semicrystalline, which is likely why it is so much thicker than the 

polyelectrolytes at low spin rates: crystallinity increases the cohesive forces of the polymer 

solution during spin and solvent evaporation. Increased cohesion increases the viscosity of the 

polymer solution, which allows it to resist the centrifugal force of spinning, resulting in less spun 

off solution and therefore a greater equilibrium thickness. However, while the low thicknesses of 

PAA, PAH, and PSS at low spin rates suggest weak cohesion between polymer chains, the 

dewetting observed under AFM suggests that the cohesive forces dominate over the adhesive 
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forces. It was established previously that PAA, PAH, and PSS all display weak adhesion to the 

silicon substrate as evidenced by low film thicknesses at high spin rates. Therefore, the most 

likely reconciliation of the contradictory pieces of evidence obtained from the spin curves and 

AFM images is that PAA, PAH, and PSS have both weak cohesion (compared to PVOH) and 

weak adhesion, but cohesion is slightly stronger than the adhesion, leading to dewetting. The 

weak cohesion for PAH and PSS is likely due to the electrostatic repulsion. However, the two 

primary questions that remain unanswered are (1) why the electrostatic repulsion between 

polymer chains is favorable enough to produce cohesive forces stronger than the adhesive forces, 

and (2) why hydrogen bonding is not a stronger driving force for adhesion and spreading. 

 

 

Figure 19: Spin curves of 0.1 wt% PAA, PAH, and PSS thin films prepared via spin coating on 

silicon wafer at various spin rates. 
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While discussing the trend in thickness at low spin rates, it is also worth noting that the 

PVP films are thinner than the two PVOH films at 900 rpm, but still thicker than all three 

polyelectrolyte films at 900 rpm. This agrees well with the expectation for the PVP system. The 

lack of crystallinity suggests that its cohesive forces are weaker than those of PVOH leading to a 

thinner h2 layer, while the fact that it is thicker than PAA, PAH, and PSS at higher spin rates can 

be attributed to its thicker h1 layer and the lack of electrostatic repulsion between polymer 

chains. Subtracting the 6000 rpm thickness of a spin curve from the 900 rpm thickness offers a 

rough estimate of the h2 contribution to total film thickness at 900 rpm. When this is done for all 

polymers (Figure 20), it can be seen that PVOH 99%H and PVOH 88%H have the highest h2 

contribution at the lowest spin rate, which suggests that crystallinity is the most influential factor 

that drives cohesion. In addition to crystallinity, hydrophobic interactions between polymer 

chains also promotes strong cohesion, evidenced by the fact that the PVOH 88%H h2 layer is 

thicker than the PVOH 99%H h2 layer. PVP, PAA, PAH, and PSS all have significantly lower h2 

thicknesses at the lowest spin rates due to their lack of crystallinity; however, PVP and PAA 

form slightly thicker h2 layers than PAH and PSS. This is likely due to the neutrality of PVP and 

PAA compared to the electrostatic charge present on PAH and PSS, which results in like-charge 

repulsion and reduces the cohesive forces in those systems.  
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Figure 20: Spin deposited thickness (nm) at 900 rpm for PVOH 99%H, PVOH 88%H, PVP, 

PAA, PAH, and PSS thin films prepared by spin coating on silicon wafers (spin deposited 

thickness was determined by subtracting total thickness at 6000 rpm from the total thickness at 

900 rpm for each polymer) 

 

To gauge the effect of crystallinity, hydrophobicity, and polymer charge on spontaneous 

adsorption, the thickness of each polymer at 6000 rpm (assumed to be representative of h1 layer 

thickness) was plotted and is displayed in Figure 20. PVOH 88%H and PVP have the highest 

6000 rpm thickness, suggesting that polymer hydrophobicity is the primary contributor to 

spontaneous deposition. 
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viscous forces, thus increasing the h2 layer thickness. However, because spontaneous deposition 

is determined by the interaction between the polymer and the substrate, crystallinity is less 

influential in determining the thickness of the spontaneously deposited layer. However, it is 

interesting to note that while crystallinity cannot promote polymer-substrate affinity when the 

polymer is in solution, it likely plays an influential role in the adhesive forces following 

evaporation of the solvent because both PVOH 99%H and 88%H form stable films at all spin 

rates, meaning their adhesion to the substrate must outweigh their respective cohesive forces. 

That is, crystallinity is more relevant to the cohesive forces when the polymer is in solution and 

to the adhesive forces once the films have dried. 

Finally, it is difficult to comment on the role of polymer charge on spontaneous 

deposition based on the results shown in Figure 21. PAA, PAH, and PSS all have a similar 

thickness at 6000 rpm, which is slightly thicker than that of PVOH 99%H. Each of the three 

systems has a different polymer-substrate charge relationship. PAA is a neutral polymer on a 

neutral substrate, and PAH is a positive polymer on a neutral substrate, so in both systems there 

is no electrostatic attraction or repulsion driving or impeding spontaneous adsorption. PSS is a 

negative polymer on a negative substrate, so electrostatic repulsion is expected to impede 

spontaneous deposition. However, PSS displays a similar h1 thickness to PAA and PAH.    
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Figure 21: Spontaneously deposited thickness (nm) for PVOH 99%H, PVOH 88%H, PVP, 

PAA, PAH, and PSS thin films prepared by spin coating on silicon wafers (reported values are 

the thickness of each polymer at 6000 rpm because thickness at the highest spin rate is assumed 

to be representative of spontaneously deposited thickness). 
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The spin curve exponent is affected both by the vertical shift of the spin curve and the 

rate of decay or steepness of the spin curve. In the context of spin coating, the vertical shift 

corresponds to the h1 layer thickness, while the steepness or the rate of decay corresponds to the 

dependence of the h2 layer thickness on spin rate (i.e. a steeper slope implies that h2 thickness is 

very sensitive to changes in spin rate while a shallower slope implies that h2 thickness is not very 

sensitive to changes in the spin rate). The sensitivity of the h2 thickness to spin rate is related to 

the viscosity of the polymer solution and therefore the polymer-polymer interactions or cohesive 

forces. In the derivation of his model, Meyerhofer did not consider the presence of a 

spontaneously deposited h1 layer, treated viscosity (polymer-polymer interactions) as universal 

for all polymers, and assumed polymers completely wet the substrate, which is not the case for 

unstable and metastable scenarios. These are three fundamental reasons why -0.5 is difficult to 

reproduce experimentally. However, knowing these shortcomings of the Meyerhofer model 

offers a starting point to answering the question posed above. To probe the relative contributions 

of spontaneous deposition and spin deposition to the spin curve exponent, the h1 thickness is 

subtracted from each point along the spin curve, and the resulting spin curve exponent should 

reflect only the h2 layer (i.e. the layer accounted for by the Meyerhofer model). It is hypothesized 

that the h2 spin curve exponents should be closer to the -0.5 exponent predicted by Meyerhofer 

because the h1 layer has been eliminated. 

 

Both the advancing and receding contact angles of PAA, PAH, and PSS are very low and 

consistent across all spin rates (Figure 22). The low contact angles are suggestive of a 

hydrophilic surface, which is likely due to the exposed silicon wafer. The slightly higher 

advancing PAA contact angle at 900 rpm corroborates the continuous film shown under AFM in 
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Table V. However, this advancing contact angle is still extremely low, which can be attributed to 

the hydrophilicity of the PAA film. 

 

 

Figure 22: Dynamic water contact angles on 0.1 wt% PAA, PAH, and PSS thin films prepared 

via spin coating on silicon wafer at various spin rates. 
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3.3 Probing Polymer Charge by Tuning pH 

One of the advantages of working with polyelectrolytes is the ability to alter their charge 

by tuning the pH of the polymer solution. In order to explore different combinations of polymer 

and substrate charge, both PAA and PAH solutions were increased in pH (from pH 3.27 to 

roughly pH 8-9 for PAA and from pH 3.21 to roughly pH 6-7 for PAH) with the goal of creating 

a negative polymer-negative substrate system for the deprotonated PAA (henceforth referred to 

as PAA-) and a positive polymer-negative substrate system for PAH (henceforth referred to as 

PAHSiO-). Both systems displayed aggregation upon addition of NaOH; however, despite 

aggregation, both systems offered evidence in support of the decoupled thickness model as well 

as raised questions that motivated future directions for the work described. 

 

3.3.1 PAHSiO- 

 3.3.1.1 Evidence of PAH Aggregation 

While titrating PAH, the solution pH values increase exponentially with every 30 µL of 

NaOH added, reaching a peak of approximately 7 for 170 µL NaOH (Figure 23). DLS 

measurements show that the hydrodynamic size of PAH starts low (at approximately 2.5 d.nm), 

peaks around 30 or 60 µL of NaOH added, and gradually decreases until it reaches 

approximately 85 d.nm (Figure 23). Beyond 170 µL NaOH, PAHSiO- aggregates precipitate out 

of solution. The two sets of hydrodynamic size data were not averaged to highlight the fact that 

hydrodynamic size peaked at a different volumes of NaOH for each set (one at 60 µL NaOH and 

one at 30 µL NaOH) and that the peak hydrodynamic size was significantly different for the two 

sets (approximately 120 d.nm for one and 290 d.nm for the other) (Figure 24). 
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Figure 23. PAHSiO- solution pH as a function of the volume of 1 M NaOH added to the original 

PAH solution. 

 

Figure 24. Hydrodynamic sizes (d.nm) of PAH aggregates as a function of the volume of 1 M 

NaOH added to the PAH solution determined via DLS. Set 1 and Set 2 refer to two experimental 

replicates following the same experimental design. 
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3.3.1.2 PAHSiO- Spin Coating 

Table VI shows AFM images of PAHSiO- spin coated on silicon wafer at various spin 

rates. It is apparent from the images that the aggregates in solution adsorb to the substrate during 

either the spontaneous deposition process or the spin deposition process. Furthermore, the 

gradual decrease in aggregate size as spin rate increases suggests that larger aggregates are less 

strongly adsorbed than smaller aggregates and are increasingly spun off the substrate as the 

centrifugal force gets stronger. 

 

Table VI. AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), section analysis, and 

RMS roughness (in nm) of 0.1 wt% PAHSiO- thin films prepared by spin coating on silicon wafer 

at various spin rates. 

Spin 
Rate 
(rpm) 

AFM Image Section Analysis RMS 
Roughness 

900 
 

 

2.683 

1400 
 

 

3.064 
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2200 
 

 

3.185 

3500 
 

 

2.009 

4800 
 

 

2.330 

6000 
 

 

2.461 

 

From Figure 25, it can be seen that the PAHSiO- spin curve is approximately 2.5 nm 

higher than the PAH spin curve, which is comparable in thickness and exponent to many of the 

other amorphous polymers’ spin curves. This is likely due to the presence of large, positively-

charged PAH aggregates that are attracted to the negatively-charged substrate. Additionally, the 

spin curve exponent for PAHSiO- (-0.162) is significantly smaller than that of PAH (-0.517), 

which is close to the -0.5 exponent predicted by the Meyerhofer model. Spin curve exponents 

close to zero represent systems in which the h2 dependence on spin rate is low due to weak 
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cohesive forces between the polymer in solution. In the case of PAHSiO-, this weak cohesion 

likely arises from the electrostatic repulsion between positively charged PAH aggregates. 

Slip is typically a sign of dewetting and associated with spin curve exponents close to 

zero. However, with the presence of aggregates, adsorption and deposition are significantly 

different from those of individual polymer chains. The positively charged PAHSiO- aggregates 

spontaneously deposit onto the negatively charged silicon wafer due to the electrostatic attraction 

between the two, which forms a significant h1 layer. However, the electrostatic repulsion 

between the positively charged PAHSiO- aggregates in solution weakens the cohesive forces, so 

most of the polymer solution is removed during spin. Therefore, relatively few aggregates are 

deposited via spin deposition, resulting in a relatively thin h2 layer that is not strongly dependent 

on the spin rate. This is likely why the PAHSiO- spin curve is shifted up several nanometers 

relative to the PAH spin curve but still has a spin curve exponent that is very close to zero. 

Figure 26 shows that the advancing contact angles on PAHSiO- are significantly higher 

(~50°) than the advancing contact angles on PAH. This is easily attributed to the extensive 

coverage of the substrate by PAH aggregates in the case of the PAHSiO- system (Table VI). 

Meanwhile, the extremely hydrophilic substrate is exposed due to dewetting of PAH in the PAH 

system, which causes the low advancing contact angles for spin coated PAH. 
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Figure 25. Spin curves of 0.1 wt% PAHSiO- and PAH thin films prepared via spin coating on 

silicon wafer at various spin rates. 

 

Figure 26. Dynamic water contact angles on 0.1 wt% PAHSiO- and PAH thin films prepared via 

spin coating on silicon wafer at various spin rates. 
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3.3.1.3 PAHSiO- Static Adsorption 

As the volume of NaOH added to the PAHSiO- solution increased, the spontaneously 

deposited thickness increased exponentially (Figure 27). After the first 5 additions (0-120 µL) of 

NaOH, the adsorbed thickness was at or below 1 nm, and at 150 uL NaOH the thickness begins 

to increase drastically, reaching a maximum value after adding 170 µL NaOH. This trend 

displayed in Figure 27 is unexpected considering Figure 24 shows that aggregation begins at 

30-60 µL NaOH, and aggregates gradually decrease in size with increasing addition of NaOH. 

There are three possible explanations for this discrepancy. 

First, as discussed above, it appears that larger aggregates are more weakly adsorbed than 

smaller aggregates. At low volumes of NaOH there are no aggregates, at intermediate volumes of 

NaOH, aggregate size peaks, and at the highest volumes of NaOH the aggregate size is smallest. 

Therefore, the lack of adsorption at the lowest NaOH volumes is due to a lack of aggregates 

while the lack aggregates at intermediate NaOH volumes is due to the predominance of large 

aggregates in solution, which are weakly adsorbed and removed during the rinse step. 

Another possible explanation for the contradictory trends in Figure 24 and Figure 27 is 

that beyond the initial peak observed for aggregate size in Figure 24, aggregates continue to 

increase until they precipitate out of solution, and DLS cannot detect the larger aggregates, so 

only reports the smaller aggregates. If this is the case, then the reason the spontaneously 

deposited thickness shown in Figure 27 does not increase significantly until 150 µL NaOH 

added is because this is the volume of NaOH at which the aggregates are large enough in size to 

form a sizable layer. This size would be larger than what is shown in Figure 24 because of the 

limitations of DLS to detect such large particle sizes. 
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A third explanation is that significant adsorption doesn’t occur until 150 uL NaOH 

because this is when the silicon substrate becomes sufficiently deprotonated to attract the 

positively charged PAH aggregates via electrostatic interactions. Figure 23 shows that the pH of 

the PAHSiO- solution is approximately 5 at 120 µL NaOH and approximately 6 at 150 µL NaOH. 

Because the pKa of the silicon wafer is approximately 5.6, it would be expected that it does not 

become completely deprotonated until 150 uL NaOH, at which point electrostatic interactions 

between the substrate and aggregates can act as a driving force for adsorption. 

A final detail from the static adsorption experiments that is worth noting is that at the 

highest volume of NaOH added, which is the volume of NaOH added to the solution used for 

PAHSiO- spin coating experiments, the statically adsorbed thickness is approximately 2.3 nm. 

This is in good agreement with the 2.5 nm upward shift of the PAHSiO- spin curve relative to the 

PAH spin curve. 

 

 

Figure 27. Spontaneously deposited thickness (nm) of PAHSiO- thin films prepared via 10-

minute static adsorption experiments on silicon wafer as a function of the volume of 1 M NaOH 

added to the PAHSiO- solution. 
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Figure 28 shows a gradual increase in advancing contact angle on PAHSiO- films as 

NaOH volume increases. The increase in advancing contact angle follows the increase in 

spontaneously adsorption thickness (Figure 27), which indicates that the increase in advancing 

contact angle is due to greater coverage of the substrate. The highest advancing contact angle is 

approximately 55° at 170 uL NaOH. This is the same volume of NaOH used for the spin coating 

experiments, and the advancing contact angle of water on the spin coated PAHSiO- samples was 

around 50° across all spin rates. 

 

 

Figure 28. Dynamic water contact angles on 0.1 wt% PAHSiO- thin films prepared via 10-minute 

static adsorption on silicon wafer as a function of the volume of 1 M NaOH added to the PAHSiO- 

solution. 
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3.3.2 PAA- 

3.3.2.1 Early Experiments with PAA- 

The AFM images in Table VII show signs of dewetting in the PAA- thin films, although 

the degree of dewetting does not compare to that of the other polyelectrolytes (Table V). This 

comparison is supported by the RMS roughness values of the PAA- films, which are significantly 

lower than those for PAA, PAH, and PSS. However, there was a range of morphologies observed 

for PAA- thin films, some of which are included in the Appendix section. Additionally, the AFM 

images in Table VII show no evidence of aggregates. It was mentioned previously that upon 

addition of NaOH to the PAH and PAA solutions, aggregation was induced. This was primarily 

deduced from dynamic light scattering (DLS) results and the PAA- spin curve, and some of the 

AFM images of PAA- thin films in the Appendix section display signs of aggregation.  

 

Table VII: AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), section analysis, and 

RMS roughness (in nm) of 0.1 wt% PAA- thin films prepared by spin coating on silicon wafer at 

various spin rates. (Additional AFM images from different PAA- spin coating experiments 

display a range of morphologies and are included in the Appendix) 

Spin 
Rate 
(rpm) 

AFM Image Section Analysis RMS 
Roughness 

900 
 

 

0.127 
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1400 
 

 

0.169 

2200 
 

 

0.191 

3500 
 

 

0.139 

4800 
 

 

0.175 

6000 
 

 

0.158 

 

 

The PAA- spin curve is shown in Figure 29 along with faded spin curves for all other 

polymer systems included for reference. From the plot, it can be seen that the spin curve for 
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PAA- and PVP appear nearly identical, with the PAA- spin curve being shifted upwards relative 

to the three polyelectrolyte spin curves by about 1 nm at all spin rates. The similarity between 

PVP and PAA- is unanticipated due to the different properties of the two polymers. PVP is stable 

and is hypothesized to form an h1 layer due to its hydrophobic interactions with the substrate. 

Meanwhile, PAA- is more hydrophilic than PVP, bears a negative charge, and displays signs of 

dewetting. Furthermore, neutral PAA shows no sign of forming an h1 layer, which PVP does. 

Although the AFM images in Table VII show no aggregates, the hypothesized source of the 

upward shift of the PAA- spin curve relative to the other polyelectrolytes is an h1 layer comprised 

of aggregates that adsorbed to the substrate and were not spun off. 

 

 

Figure 29: Spin curves of 0.1 wt% PVOH 99%H, PVOH 88%H, PVP, PAA, PAH, and PSS 

(faded) and PAA- thin films prepared via spin coating on silicon wafer at various spin rates. 
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Similar to PAA, PAH, and PSS, the dynamic water contact angles on PAA- are extremely 

low and do not vary with spin rate (Figure 30). This suggests that the PAA- films are very 

hydrophilic, which is anticipated due to its negative electrostatic charge. Furthermore, dewetting 

of the films exposed patches of silicon substrate, which is also very hydrophilic and may be 

contributing to the low contact angles.  

 

 

Figure 30. Dynamic water contact angles on 0.1 wt% PAA- thin films (along with PAA, PAH, 

and PSS contact angles provided for reference) prepared via spin coating on silicon wafer at 

various spin rates. 
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indicative of a difference in the h1 layer. In the case of PAA-, it is hypothesized that this h1 layer 

is comprised of aggregates that form upon deprotonation of PAA. This aggregation is attributed 

to insufficient deprotonation, which results in hydrogen bond donors and acceptors within close 

proximity. This would allow for intra- and intermolecular hydrogen bonding that may cause 

originally extended polymer chains to become tightly coiled and form aggregates. 

Two approaches to reducing aggregation were investigated based on the theory of 

incomplete deprotonation. First, increasing the pH of the PAA- solution was thought to increase 

the extent of deprotonation and create a chemical environment of excess negative charge in 

which repulsion of like charge would cause polymer chains to become more extended and less 

aggregated. Second, boiling the PAA- solution was expected to increase the mobility of polymer 

chains and allow OH- ions into the interior of PAA- aggregates where they could more 

completely deprotonate the polymer.   

The pKa of PAA is reported to be 4.5-6.5,22,23,24 so titrating to a pH of approximately 8 

was anticipated to sufficiently deprotonate the polymer. However, Table VIII. shows that when 

PAA was titrated to a pH of 8.40, its dispersity drops significantly to 64.3%, a sign of 

aggregation that may be due to insufficient deprotonation. When titrated to higher pH values 

closer to 10, the drop in dispersity was significantly less or nonexistent. This supports the theory 

that supplying an excess of OH- ions may aid in achieving a more complete state of 

deprotonation and therefore avoiding aggregation. 

When the dispersity dropped drastically for the solution titrated to pH 8.40, boiling aided 

in reversing the effects of the titration (evidenced by an increase in dispersity from 64.3% to 

99.9%). However, for the solutions titrated to approximately pH 10-11, boiling was less effective 
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in reverting the dispersity of the PAA- solution to its pre-titration dispersity because there was a 

less substantial drop in dispersity upon titration. 

Another trend that appears in Table VIII and that serves as evidence of aggregation is 

the change in the hydrodynamic size of PAA. For all four PAA solutions, the hydrodynamic size 

of PAA after initial preparation is approximately 3.5 d.nm. In the cases where there is a drop in 

dispersity, this drop is accompanied by a decrease in hydrodynamic size, suggesting the 

polymers go from an extended conformation to a more tightly coiled and aggregated 

conformation. For the solutions that did not display a drop in dispersity, the hydrodynamic size 

increased upon titration, suggesting that the extent of deprotonation was more complete, and the 

intramolecular electrostatic repulsion causes the polymer chain to expand.  

 

Table VIII. pH values, hydrodynamic sizes (by intensity), and dispersity (by volume) of PAA- 

solutions at each stage of protonation (initial preparation, titration with NaOH, and boiling) 

determined using DLS. 

pH State of Preparation Hydrodynamic Size (d.nm) Dispersity (by volume) 

8.40 
PAA (before) 3.380 100% 

PAA- 1.512 64.3% 
PAA- Boiled 1.477 99.9% 

10.40 
PAA (before) 3.713 100% 

PAA- 3.417 99.7% 
PAA- Boiled 3.080 99.6% 

10.70 
PAA (before) 3.521 100% 

PAA- 6.000 100% 
PAA- Boiled 5.078 100% 

10.50 PAA (before) 3.783 100% 
PAA- 7.461 100% 

 

Drop casting experiments were performed with 0.1 wt%, 0.01 wt%, and 0.001 wt% PAA- 

boiled and not boiled solutions in an attempt to visualize the aggregates present in the PAA- 
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solution after they deposit onto the wafer. After diluting the original 0.1 wt% solutions to 0.01 

wt% and 0.001 wt%, pH measurements were made to determine the effect of dilution on pH. 

Table IX shows the results of these measurements. The pH of the solutions dropped by 

approximately 1 pH unit per 10x dilution. Although high pH is predicted to minimize 

aggregation, no increase in aggregation or aggregate size was observed under optical microscopy 

upon dilution and subsequent reduction of pH, so this drop in pH was not a source of concern. 

 

Table IX. pH of diluted PAA- solutions, measured to determine the effect of serial dilution on 

the pH of the PAA- solution, which is hypothesized to dictate degree of aggregation. 

Concentration pH 
0.1 wt% 10.70 
0.01 wt% 9.80 
0.001 wt% 8.20 

 

Under optical microscopy, drop casted films of pH 10-11 PAA- show signs of aggregates 

regardless of whether the solution was boiled or not (Table X). The aggregates appear larger and 

are present in larger quantities for the drop casted films that were prepared from PAA- that had 

not been boiled. This supports the data in Table VIII and the hypothesis that boiling may 

increase the extent of deprotonation and reduce aggregation. However, the clear presence of 

aggregates in the drop casted films prepared from boiled pH 10-11 PAA- suggests that boiling 

does not completely reverse the aggregation induced by deprotonation. Additionally, because the 

drop casted films were prepared from pH 10-11 PAA-, this suggests that increasing pH does not 

significantly reduce aggregation either, which brings into question the reliability of the DLS size 

and dispersity data in Table VIII as an indication of aggregation and its reversal upon increasing 

pH. 
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Table X. Optical microscopy images (5x, 10x, and 50x magnification) of pH 10-11 PAA- thin 

films prepared by drop casting 0.1 wt%, 0.01 wt% or 0.001 wt% boiled or not boiled PAA- 

solution on 2.0 x 2.0 cm2 silicon wafers. 

Method Conc. 
(wt%) 5x 10x 50x 

Not 
Boiled 

0.1 

   

0.01 

   

0.001 

   

Boiled 

0.1 

   

0.01 

   

0.001 
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The thickness of the drop casted PAA- thin films shown in Figure 31 deviates 

significantly from what was anticipated based on the calculations below: 

 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 	
𝑉𝑜𝑙𝑢𝑚𝑒
𝐴𝑟𝑒𝑎  

𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑝𝑜𝑙𝑦𝑚𝑒𝑟 = 	
0.1	𝑔	𝑃𝐴𝐴"

100	𝑚𝐿 	× 	0.100	𝑚𝐿	 ×	
1	𝑐𝑚2

1	𝑔 = 1	 ×	10"3	𝑐𝑚2	 

𝐴𝑟𝑒𝑎 = 2.0	𝑐𝑚	 × 	2.0	𝑐𝑚 = 4.0	𝑐𝑚$ 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 	
1	 ×	10"3	𝑐𝑚2	

4.0	𝑐𝑚$ = 2.5	 ×	10"6	𝑐𝑚 = 250	𝑛𝑚 

 

Table XI. Calculated thickness (nm) of drop casted PAA- films. 

Concentration Predicted Drop Casted 
Film Thickness (nm) 

0.1 wt% 250 nm 

0.01 wt% 25 nm 

0.001 wt% 2.5 nm 
 

Additionally, the thickness of the drop casted film prepared from the 0.1 wt% PAA- 

solution that was not boiled is much lower than the thickness of the boiled counterpart. The 

thickness at 0.1 wt%, for both boiled and not boiled PAA- solutions, was also expected to be 

significantly higher than that at 0.01 wt%. Lastly, the extremely large error for the 0.01 wt% 

boiled condition shows that there were regions of the film that were very thin and others that 

were significantly thicker, a sign of high roughness. The best way to reconcile these various 

counterintuitive results is the fact that when PAA- was drop casted, the liquid layer tends to 

recede into the corner of the wafer, where it pools and polymer accumulates, thus producing a 
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film that is not uniformly thick, very rough, and much thinner in the center of the wafer than in 

the corners. 

 

 

Figure 31. Thickness (nm) of pH 10-11 PAA- thin films prepared by drop casting 0.1 wt%, 0.01 

wt% or 0.001 wt% boiled or not boiled PAA- solution on 2.0 x 2.0 cm2 silicon wafers. 

 

3.3.2.3 PAA- Spin Coating 

Figure 32 shows that the spin curves for PAA- were very similar when the solution was 

not boiled, regardless of pH. However, at lower spin rates, the spin curves of the boiled systems 

deviate from those of the systems that did not include boiling. It makes sense that this deviation 

should occur at lower spin rates because it has been noted previously that at lower spin rates 

aggregates are not spun off as readily, so the film thickness is significantly greater (recall 
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thickness at lower spin rates contradicts the hypothesis that boiling would mitigate aggregation 

and the evidence in Table VIII and Table X. that boiled PAA- had fewer aggregates. 

Additionally, the thickest spin curve corresponded to the PAA- system at the higher pH that had 

been boiled. This suggests that the combination of boiling and increasing pH worsens 

aggregation.  

 

 

Figure 32. Spin curves of 0.1 wt% PAA- thin films prepared at various spin rates from 0.1 wt% 

PAA- solutions that were titrated to either pH 8-9 or pH 10-11 and either boiled or not boiled.  
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aggregates on the pH 10-11 boiled films from 1400 rpm to 6000 rpm, there are large aggregates 

on the 900 rpm films, which explain the significantly higher thickness of the pH 10-11 boiled 

spin curves at low spin rates (Figure 32). The aggregates present on the boiled films in 

conjunction with the increased thickness of the spin curves of boiled PAA- at lower spin rates 

serves as strong evidence of the fact that boiling does not improve aggregation as originally 

hypothesized.  

 

Table XII. AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), section analysis, and 

RMS roughness (in nm) of 0.1 wt% PAA- thin films prepared by spin coating PAA- solutions of 

either pH 8-9 or pH 10-11 that either had or had not been boiled on silicon wafers at various spin 

rates. 

Spin 
Rate 
(rpm) 

pH 8-9 Not Boiled pH 8-9 Boiled pH 10-11 Not 
Boiled pH 10-11 Boiled 

900 

 
RMS = 0.127 

 

 
RMS = 0.148 RMS = 0.146 

 
RMS = 0.516 

1400 

 
RMS = 0.169 

 

 
RMS = 0.228 

 

RMS = 0.133 
 

RMS = 0.212 
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2200 

 
RMS = 0.191 

 

 
RMS = 0.239 

 

RMS = 0.296 
 

RMS = 0.142 

3500 

 
RMS = 0.139 

 

 
RMS = 0.343 

 

RMS = 0.170 
 

RMS = 0.201 

4800 

 
RMS = 0.175 

 

 
RMS = 0.302 

 

RMS = 0.330 
 

RMS = 0.339 

6000 

 
RMS = 0.158 

 

 
RMS = 0.257 

 

RMS = 0.320 
 

RMS = 0.326 

 

Advancing and receding contact angles on all PAA- thin films, regardless of pH and 

whether or not the solution had been boiled are extremely low and consistent across all spin 

rates. This is evidence of very hydrophilic films. However, the low contact angles may be 

attributed to different factors depending on the extent of dewetting. AFM images in Table XII. 
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show that at the lower spin rates all the PAA- thin films appear continuous (except the pH 10-11 

boiled film, which is covered in aggregates and whose stability is therefore difficult to 

determine). For these films, the cause of the low contact angles is the hydrophilic nature of the 

film, which is comprised of deprotonated PAA- that is negatively charged. At higher spin rates, 

the extent of dewetting increases, exposing increasing areas of the superhydrophilic silicon 

wafer, which also contributes to the low water contact angle. The similarly low water contact 

angles on PAA- films reported in Figure 33 shows that the low contact angle on PAA- films is 

reproducible. 

Two primary conclusions can be drawn from these DLS, drop casting, and spin coating 

results. First, there is an abundance of evidence for the presence of aggregates in PAA- solutions, 

and these aggregates are very likely to be the source of the 1 nm upward shift of the PAA- spin 

curve relative to the PAA spin curve (Figure 29). Second, boiling appears to significantly 

worsen the aggregation of PAA-, and increasing the pH of the solution to pH 10-11 does little to 

reduce the extent of aggregation. 

 

 

 

 

 



 84 

 

Figure 33. Dynamic water contact angles on 0.1 wt% PAA- thin films prepared by spin coating 

PAA- solutions of either pH 8-9 or pH 10-11 that either had or had not been boiled on silicon 

wafers at various spin rates. 
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3.4 Decoupling Polymer-Substrate and Polymer-Polymer Contributions to Thickness 

 

In Section 3.2 it was discussed that the Meyerhofer model’s lack of attention to the 

individual contributions of polymer-substrate and polymer-polymer interactions and its 

assumption that polymers wet their substrates are two likely sources of inaccuracy in the model’s 

prediction of the thickness of spin coated polymer thin films. To provide further evidence for this 

claim as well as work towards a more flexible model that better predicts the spin-coated 

thicknesses of diverse hydrophilic polymers, this section focuses on quantitatively separating the 

h1 and h2 contributions to total film thickness and evaluating the thickness of each component in 

the context of the known properties of each system. It is hypothesized that subtracting the h1 

contribution at every spin rate along a given spin curve will yield an h2 spin curve whose 

exponent is closer to the -0.5 exponent predicted by Meyerhofer because the h1 contribution has 

been eliminated, and Meyerhofer did not account for the h1 layer in his model. 

Figure 21 in Section 3.2 displays approximate h1 thickness values for each polymer 

based on the assumption that the total film thickness at 6000 rpm is representative of the h1 layer 

thickness. However, a different approach to determining h1 values is to perform a static 

adsorption experiment, which mimics the spontaneous deposition step of adsorptive spin coating 

without the subsequent spin deposition. A series of static adsorption experiments were performed 

with each polymer to obtain a value representative of the h1 layer, and this was then subtracted 

from the total thickness at each spin rate on the corresponding polymer’s spin curve to generate 

h2 spin curves. 

Figure 34 shows the h1 thickness formed by each polymer on the silicon substrate as 

determined by static adsorption experiments. These experiments were originally performed with 
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both 0.1 wt% and 0.5 wt% concentrations of each polymer and for 1 minute and 10 minutes; 

however, it was determined that neither varying polymer concentration nor adsorption time 

produced significant differences in the h1 layers. All data reported in Figure 34 are from 10-

minute static adsorption experiments using polymer solutions of 0.1 wt% concentration. 

The only polymer that spontaneously deposited to form an h1 layer of significant 

thickness is PVP. This is in good agreement with the PVP spin curve, which is relatively thick at 

higher spin rates (compared to PVOH 99%H, PAA, PAH, and PSS) where the h1 layer dominates 

total film thickness. However, the results shown in Figure 34 do not agree with what was 

predicted for PVOH 88%H and PAA- static adsorption. Both PVOH 88%H and PAA- are 

expected to display a spontaneously deposited layer of similar thickness to PVP because they are 

comparable in thickness to PVP at 6000 rpm (Figure 21). Contrary to this prediction, PVOH 

88%H and PAA- show negligible spontaneous deposition based on static adsorption experiments 

(Figure 34). This begs the question of what is causing the increased thickness in PVOH 88%H 

and PAA- at higher spin rates. 

The polymers that are thinner at high spin rates, PVOH 99%H, PAA, PAH, and PSS, all 

display minimal spontaneous deposition according to the data in Figure 34, which is in good 

agreement with their spin curves. However, the h1 thickness obtained from static adsorption 

experiments is much smaller than the 6000 rpm thickness for all these polymers (Figure 21). 

Most of these polymers form films approximately 1 nm in thickness when spin coated at 6000 

rpm (PVOH 99%H is slightly less at around 0.5 nm) (Figure 21), but the statically adsorbed 

films for each of these polymers fall between 0 and 0.2 nm (Figure 34). Therefore, for all 

polymers, including PVP (which has a 6000 rpm thickness of approximately 1.8 nm and a 

statically adsorbed thickness of about 1.1 nm), the spontaneously deposited films obtained from 
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static adsorption experiments are much thinner than what is predicted for the h1 layer based on 

the spin coated thickness at 6000 rpm. There are two possible explanations for this: 

 

1. Film thicknesses at 6000 rpm overestimate h1 layer thickness: If this is the case, it 

means not all polymer solution is spun off the substrate at 6000 rpm, and there is 

some h2 that remains at the highest spin rate, contributing to the total film thickness 

(i.e. the assumption that film thickness at 6000 rpm is representative of the h1 layer 

thickness is inaccurate). 

2. Spontaneously deposited films produced in static adsorption experiments 

underestimate h1 layer thickness: If this is the case, it means the rinsing steps of the 

the static adsorption experiments remove some of the h1 layer that the centrifugal 

force of spin coating is not strong enough to remove. 

 

There are several reasons why the second of the two explanations is more likely. First, 

the 6000 rpm thicknesses for each polymer are in better agreement with what is known about 

each system than the static adsorption thicknesses, which appear to be somewhat random and are 

difficult to explain in the context of the chemical properties of each system. For example, it 

makes sense for PVOH 88%H and PVP to have a thicker h1 due to their hydrophobicity and for 

PAA- to have a greater h1 thickness due to its aggregates. This is reflected in the 6000 rpm 

thicknesses but not the static adsorption thicknesses, which gives more credit to the former and 

suggests that it is the statically adsorbed films that underestimate the h1 thickness.  

Additionally, the Milli-Q water control produced a statically adsorbed thickness of nearly 

0.2 nm, which is equal to or greater than the statically adsorbed thicknesses of all other films but 
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PVP. The absence of polymers in Milli-Q water means that any observed thickness is likely due 

to dust or other contaminants accumulating on the surface of the substrate. Therefore, this control 

offers a good reference point to act as an indicator of no static adsorption, while also accounting 

for contaminants that may contribute to observed thickness. The fact that all other polymers 

except PVP formed h1 layers comparable to or less than this “no static adsorption” reference 

point suggests that there actually is no polymer adsorbed, and the rinse steps of the static 

adsorption experiments completely removed all of the h1 layer that formed. 

Based on these results, a more nuanced version of the decoupled thickness model is 

proposed: The h1 layer is comprised of a strongly bound and loosely bound layer. The strongly 

bound layer is the first layer of polymer to deposit and adsorb to the substrate, and the loosely 

bound layer is the polymer that deposits on top of this initial layer. The loosely bound layer 

deposits during the spontaneous deposition step rather than the spin deposition step, so it is still 

considered part of the h1 layer and does not change as a function of spin rate. Although 

increasing spin rate does not dislodge the loosely bound layer completely, rinsing the films with 

water three times as is done in the static adsorption experiments does remove the loosely bound 

layer. 
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Figure 34. Spontaneously deposited thickness of PVOH 99%H, PVOH 88%H, PVP, PAA, PAH, 

PSS, and PAA- thin films as well as a Milli-Q water control prepared via 10-minute static 

adsorption experiments on silicon wafer. 

 

Although the accuracy of the statically adsorbed film thicknesses reported in Figure 34 is 

under scrutiny, the loosely bound layer theory is a recent hypothesis, and there was insufficient 

time to modify the static adsorption protocol and collect an entirely new set of h1 layer 

thicknesses for all polymers. Therefore, the values in Figure 34 were used to quantitatively 

isolate the h2 thickness as a function of spin rate for each polymer by subtracting the values 

reported in Figure 34 from the total thickness at each spin rate for the corresponding polymer. 

The results are shown in Figure 35. There are several aspects of Figure 35 worth noting. 

First, the PVP spin curve was the only curve that shifted down significantly because it 
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curves of PAA, PAH, and PSS, suggesting similar polymer-polymer interactions. However, its 

spin curve exponent changed from -0.382 to -0.708, so the Meyerhofer exponent of -0.5 was not 

observed for PVP. 

Second, the h2 spin curves for PVOH 99%H and PVOH 88%H do not show a noticeable 

change in exponent relative to the original spin curves, and therefore still deviate significantly 

from the -0.5 exponent predicted by the Meyerhofer model. As discussed in Section 3.1, this 

drastic deviation from -0.5 is likely due to the crystallinity of PVOH, which was not taken into 

account in the derivation of the Meyerhofer model and which significantly increases polymer-

polymer interactions at lower spin rates. The fact that the PVOH 99%H exponent deviates from -

0.5 more than that of PVOH 88%H, which is less crystalline, is further evidence for this theory. 

Third, most of the polyelectrolytes have a spin curve exponent near the predicted -0.5, 

with the exception of PAA. Because PAA and PVP are not crystalline, there is no clear 

explanation for the deviation of their spin curve exponents from -0.5. However, three comments 

can be made about this deviation. First, if the loosely bound theory is accurate and the h1 values 

reported in Figure 34 and subtracted from the total film thickness at each spin rate are not truly 

representative of the h1 thickness for each polymer, then the spin curves shown in Figure 35 are 

not true h2 curves and therefore there may be some inaccuracy in the spin curve exponents 

displayed in Figure 35. Second, even if the spin curves in Figure 35 are accurate, there is no 

doubt some variation in the polymer-polymer interactions that dictate the amount of polymer 

retained on the spinning substrate during spin coating. That is, the Meyerhofer model does not 

account for variation in the viscous forces of different polymer solutions, and it may be that it is 

impossible to derive a universal model that can accurately predict the spin coated film thickness 

of such a wide range of polymers. Third, the Meyerhofer model also assumes that the polymer 
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wets the substrate. In the case of polymers that dewet their substrate, such as PAA, this 

assumption is not true and may account for the deviation from Meyerhofer model that is 

observed Figure 35. 

 

 

Figure 35. Spin curves of PVOH 99%H, PVOH 88%H, PVP, PAA, PAH, PSS, and PAA- thin 

films adjusted by subtracting the corresponding h1 thickness for each polymer as determined 

from static adsorption experiments (Figure 34). 
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3.5 Loosely Bound Layer 

Figure 36 shows that PAA- films were thicker than PAA films for corresponding rinse 

steps, which is likely due to the presence of aggregates in PAA-. However, the more noteworthy 

trend exhibited in Figure 36 is the clear decrease in thickness with increasing number of rinse 

steps. This confirms a working theory that some or all of the h1 layer is loosely bound to the 

substrate and can be removed by rinsing the film. This raises the question of what the true h1 

layer is and what experimental method can be used to produce it. At the highest spin rate of 6000 

rpm, PAA and PAA- films are approximately 0.75 nm and 1.5 nm, respectively. This suggests 

that the centrifugal force at the highest spin rate is either not strong enough to dislodge the 

loosely bound h1 layer or not strong enough to remove it all. For the purpose of producing an h1 

layer of reproducible thickness to subtract from a spin curve, it is important to explore different 

experimental methods of recreating the h1 layer. 

 

 

Figure 36. Thickness (nm) of 0.1 wt% PAA and PAA- thin films prepared via static adsorption 

on silicon wafers followed by 0, 1, or 3 rinse steps. 
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AFM images of the statically adsorbed PAA and PAA- films show that only the 0x rinse 

PAA film was thick enough to dewet (Table XIII). The other films were likely too thin to 

produce a detectable dewetting morphology. Additionally, a few aggregates can be seen on the 

3x rinse PAA- film. If there are aggregates on the 3x rinsed films, it would be expected that there 

are aggregates on the 0x and 1x rinse PAA- films as well, so the absence of aggregates in the 

AFM images of those films likely has to do with where on the sample the image was taken. 

Both advancing and receding contact angles are very low on the PAA and PAA- statically 

adsorbed thin films, regardless of the number of rinse steps (Figure 37). However, there does 

appear to be a slight decrease in advancing contact angle with increasing number of rinse steps 

for both PAA and PAA-. This can be attributed to the thinning of the film and increased exposure 

of the substrate. Additionally, the PAA- advancing contact angles are lower than those of PAA, 

which is consistent with what has been observed previously (Figure 30). This is likely due to the 

negative charge on the PAA-, which increases its propensity for hydrogen bonding with water.  
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Table XIII. AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), section analysis, and 

RMS roughness (in nm) of PAA and PAA- thin films prepared via static adsorption on silicon 

wafers followed by 0, 1, or 3 rinse steps.  

Polymer 0x Rinse 1x Rinse 3x Rinse 

PAA 

 

 
RMS = 0.532 

 
RMS = 0.198 

 
RMS = 0.260 

PAA- 

 
RMS = 0.320 

 
RMS = 0.200 

 

 
RMS = 0.320 

 



 95 

 

Figure 37. Dynamic water contact angles on 0.1 wt% PAA and PAA- thin films prepared via 

static adsorption on silicon wafers followed by 0, 1, or 3 rinse steps. 

 

The statically adsorbed PAA and PAA- thin films were thermally annealed at 100 °C for 

30 minutes to determine whether the h1 layer is stable. Upon annealing, the thickness of all films 

decreased slightly (Figure 38). This may be due to the release of some water trapped in the films 

upon heating; however a more likely explanation becomes apparent in the context of the AFM 

images shown in Table XIV. All but one of the films show some evidence of aggregates or 

droplets. This implies that upon heating, the polymer dewetted the surface and collected in small 

droplets, which are often the final stage of dewetting and indicative of a thermodynamically 

favorable morphology.74 Because these droplets represent a small percentage of the area of the 

substrate, the chances of measuring thickness on or near a droplet is less than the likelihood of 

measuring bare substrate, which accounts for a much greater percentage of the surface area. This 
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is a possible explanation for the decrease in thickness after annealing that is displayed in Figure 

38. 

 

Figure 38. Thickness (nm) of 0.1 wt% PAA and PAA- thin films prepared via static adsorption 

on silicon wafers, rinsed 0, 1, or 3 times, and thermally annealed at 100 °C for 30 minutes. 
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Table XIV. AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), section analysis, and 

RMS roughness (in nm) of PAA and PAA- thin films prepared via static adsorption on silicon 

wafers, rinsed 0, 1, or 3 times, and thermally annealed at 100 °C for 30 minutes.  

Polymer 0x Rinse 1x Rinse 3x Rinse 

PAA 

 

 
RMS = 0.583 

 

 
RMS = 0.364 

 

 
RMS = 0.361 

PAA- 

 

 
RMS = 0.361 

 

 
RMS = 0.967 

 

 
RMS = 0.280 

 

The advancing contact angle on both PAA and PAA- thin films increased significantly 

following thermal annealing (Figure 39). Upon annealing, polymer mobility increases allowing 

the polymer chains to adopt a conformation that maximizes hydrogen bonding and electrostatic 

interactions. This results in orientation of the carboxylate groups inward and the carbon 

backbone outward towards the surface of the film. The water droplet at the surface of the film 

interacts with these hydrophobic regions, which results in a greater advancing contact angle than 

the original drop casted films.  
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Figure 39. Dynamic water contact angles on PAA and PAA- thin films prepared via static 

adsorption on silicon wafers, rinsed 0, 1, or 3 times, and thermally annealed at 100 °C for 30 

minutes. 
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stable on silicon wafer because it is possible that the aggregates seen on the PAA films are 

dewetted droplets or simply clusters of a polymer known to dewet the silicon substrate. 

 

Table XV. Optical microscopy images (5x, 10x, and 50x magnification) of drop casted 0.1 wt%, 

0.01 wt%, or 0.001 wt% PAA thin films on 2.0 x 2.0 cm2 silicon wafers.  

Conc. 
(wt%) 5x 10x 50x 

0.1 

   

0.01 

   

0.001 
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Table XVI. Optical microscopy images (5x, 10x, and 50x magnification) of drop casted 0.1 

wt%, 0.01 wt%, or 0.001 wt% PAA- thin films on 2.0 x 2.0 cm2 silicon wafers. 

Conc. 
(wt%) 5x 10x 50x 

0.1 

   

0.01 

   

0.001 

   
 

Figure 40 shows the thickness of the drop casted PAA and PAA- films prepared from 

different concentrations of polymer solution. The decrease in thickness with decreasing 

concentration aligns with expectation, and the decrease in error bars with decreasing thickness 

indicates a decrease in roughness as the films become thinner. Although the 0.1 wt% PAA and 

PAA- films have a comparable thickness, the PAA- films are thinner than their PAA counterparts 

at the two lower concentrations. This may be because PAA- recedes towards the edges and 

corners of the wafer more than PAA.  
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Figure 40. Thickness (nm) of drop casted 0.1 wt%, 0.01 wt%, or 0.001 wt% PAA and PAA- thin 

films on 2.0 x 2.0 cm2 silicon wafers. 
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however, under 50x magnification, optical microscopy images show a nearly uniform layer of 
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0.001 wt% PAA- film.  
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Figure 41. Dynamic water contact angles on drop casted 0.1 wt%, 0.01 wt%, or 0.001 wt% PAA 

and PAA- thin films on 2.0 x 2.0 cm2 silicon wafers. 
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4. CONCLUSIONS AND FUTURE WORK 

 

The Meyerhofer model for predicting the thickness of spin coated polymer thin films 

does not account for the distinction between spontaneously deposited polymer and spin deposited 

polymer. This leads to inaccuracies in film thicknesses predicted by the Meyerhofer model and 

film thicknesses measured experimentally. The work presented here aims to work towards a 

more representative model by decoupling spontaneously deposited thickness (h1) and spin 

deposited thickness (h2). In the processes of validating the decoupled thickness model, several 

polymers were investigated, with the additional aim of probing the effects of crystallinity, 

hydrophobicity, and polymer charge on the polymer-substrate and polymer-polymer interactions. 

These interactions are relevant to the decoupled thickness model because they dictate the 

spontaneously deposited and spin deposited thicknesses, respectively, as well as the stability of 

the films. 

It was determined that PVOH 99%H, PVOH 88%H, and PVP form stable thin films on 

silicon substrates. This result was confirmed using thermal annealing, after which thin films of 

all three polymers prepared at a range of spin rates remained continuous. The h1 layer of PVOH 

88%H and PVP was greater than that of PVOH 99%H, according to the thickness of the films 

prepared at 6000 rpm. This was attributed to the relative hydrophobicity of PVOH 88%H and 

PVP compared to PVOH 99%H, which is hypothesized to increase polymer-substrate 

interactions. Additionally, the h2 thickness of PVOH 99%H and PVOH 88%H at lower spin rates 

was much higher than that of PVP. This was attributed to the crystallinity of PVOH, which 

increases the polymer-polymer interactions. None of the three stable polymers had spin curve 

exponents near the -0.5 value predicted by the Meyerhofer model. 
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It was determined that PAA, PAH, PSS, and PAA- form metastable films on silicon 

substrates. All films dewet to some degree at some, if not all, of the spin rates. However, none of 

their spin curve exponents are zero, so they are not unstable systems. Although PAH and PSS 

had spin curve exponents near -0.5, PAA and PAA- did not. All four polymers produced shallow 

spin curves, indicating a weak h2 dependence on spin rate. This is indicative of weak polymer-

polymer interactions, which is attributed to the lack of crystallinity and hydrophobicity, along 

with the repulsive nature of the polymer charge on PAH, PSS, and PAA-. PAA, PAH, and PSS 

films all had low thicknesses at the highest spin rate, indicating weak polymer-substrate 

interactions. This was also attributed to polymer charge and lack of hydrophobicity. PAA- had a 

similar h2 dependence on spin rate as the other metastable polymers but was about 1 nm thicker 

at all spin rates than the PAA spin curve. This was attributed to the deposition of aggregates, 

forming an h1 layer. Although both cohesive and adhesive forces appear to be weak for the 

metastable polymers, the fact that they all display some degree of dewetting suggests that 

polymer-polymer interactions are stronger than polymer-substrate interactions. It remains unclear 

why like-charge repulsion between polymers is a more favorable interaction than adhesion to the 

substrate, which in theory would be driven by hydrogen bonding. 

The pH of PAH was increased from about 3 to about 7 to deprotonate the wafer and 

create a positive polymer-negative substrate system, and the pH of PAA was increased from 

about 3 to about 8-10 to create a negative polymer-negative substrate system. Both polymers 

aggregated upon addition of NaOH, and in both systems the aggregates displayed an affinity for 

the substrate, producing a significant h1 layer. At higher spin rates, the larger aggregates were 

spun off, while the smaller aggregates remained adsorbed to the substrate. Boiling and increasing 
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pH to 10-11 were tested as methods for mitigating the aggregation of PAA-; however, when used 

in conjunction, the two approaches exacerbated the aggregation. 

Static adsorption experiments were conducted with PVOH 99%H, PVOH 88%H, PVP, 

PAA, PAH, PSS, and PAA- to determine a value for the spontaneously deposited h1 layer that 

could be subtracted from each polymer’s spin curve to validate the decoupled thickness model. 

The results were unexpected in the context of the spin curves of each exponent. PVOH 88%H, 

PVP, and PAA- all form relatively thick films at 6000 rpm compared to PVOH 99%H, PAA, 

PAH, and PSS. However, only PVP formed a spontaneously deposited film of significant 

thickness (~1.2 nm), while PVOH 88%H and PAA- both formed films of negligible thickness 

and comparable to PVOH 99%H, PAA, PAH, and PSS. Additionally, the spontaneously 

deposited thickness for all polymers was thinner than what was projected by their spin curves, 

even for PVP, which was the thickest of the spontaneously deposited films. These discrepancies 

brought into question the validity of the static adsorption results. When the h1 values obtained 

from static adsorption experiments were subtracted from the corresponding polymer’s spin curve 

at each spin rate, there was no indication of the spin curves shifting towards the -0.5 value 

predicted by Meyerhofer. This is likely due to the inaccuracies of the h1 thickness values 

obtained from static adsorption. 

It was hypothesized that the h1 layer thickness was underestimated by the results of the 

static adsorption experiments because the protocol involves three rinse steps that likely remove 

some or all of the h1 layer. The portion of the h1 layer that is removed by rinsing was termed the 

loosely bound layer. The loosely bound layer can comprise either the entire h1 layer or just a 

region of the upper part of the h1 layer (that was last to deposit). The centrifugal force at 6000 

rpm is not strong enough to remove the loosely bound layer, which is why the h1 thickness 
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predicted by looking at film thickness at the highest spin rate was thicker than the h1 thickness 

predicted by static adsorption experiments. To test the loosely bound layer theory, static 

adsorption with PAA and PAA- was performed using no, one, or three rinse steps. There was a 

clear decrease in spontaneously deposited thickness with increasing rinse steps, which supported 

the theory of the loosely bound layer. 

There are several clear next steps for this project. First, repeating the modified static 

adsorption experiments with fewer rinse steps using the other five polymers (PVOH 99%H, 

PVOH 88%H, PVP, PAH, and PSS) will confirm whether they also have loosely bound layers 

that were rinsed off in the original set of static adsorption experiments. If it can be confirmed that 

the loosely bound layer is the source of the discrepancy in the original static adsorption 

experiments, the next step is to explore better experimental methods for producing a 

representative h1 layer thickness for each polymer. Current possibilities include static adsorption 

with fewer rinse steps or dilution and spin-removal of solution after static adsorption, which is 

expected to remove the h2 layer, but not the h1 layer. If neither of these methods produce h1 

layers with accurate thicknesses, film thickness at the highest spin rate can be taken to act as a 

representative h1 layer thickness value. Once h1 values have been obtained for each polymer, 

subtracting these thicknesses from the corresponding spin curve at all spin rates will produce 

more accurate h2 spin curves. This should be used to validate the decoupled thickness model and 

determine whether the spin curve exponents for h2 spin curves are closer to the predicted -0.5 

value. Finally, more work should be dedicated to investigating why hydrogen bonding is not a 

significant driving force for the adhesion of PAA, PAH, and PSS to the silicon substrate as well 

as why the repulsive electrostatic interactions between polymer chains are favorable enough to 

overcome adhesion of these polymers and lead to dewetting.  
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5. APPENDIX 

 

The dewetting morphologies of spin coated metastable films can vary between samples, 

especially at lower spin rates. Representative images were selected to be displayed in Tables V 

and VII; however, included below are some additional AFM images of PAA, PAH, PSS, and 

PAA- thin films that offer a more all-encompassing representation of the possible dewetting 

morphologies for these systems. Empty cells in Tables XVII-XX indicate that there were no 

additional distinct morphologies. 

 

 

Table XVII. Supplemental AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), section 

analysis, and RMS roughness (in nm) of 0.1 wt% PAA thin films prepared by spin coating on 

silicon wafer at various spin rates. 

Spin 
Rate 
(rpm) 

Images in Table V Additional AFM Images, Section Analyses, and RMS 
Roughness Values 

900 

 
RMS = 0.145 
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1400 

 

 
RMS = 0.154 

  

2200 

 

 
RMS = 1.185 

  

3500 

 

 
RMS = 1.197 

  

4800 

 

 
RMS = 1.118 

 

 
RMS = 0.546 

 

6000 

 

 
RMS = 1.094 

 

 
RMS = 0.487 
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Table XVIII. Supplemental AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), 

section analysis, and RMS roughness (in nm) of 0.1 wt% PAH thin films prepared by spin 

coating on silicon wafer at various spin rates. 

Spin 
Rate 
(rpm) 

Images in Table V Additional AFM Images, Section Analyses, and RMS 
Roughness Values 

900 

 

 
RMS = 0.194 

 

 
RMS = 0.303 

 

1400 

 

 
RMS = 0.156 

 

 
RMS = 0.323 

 

 
RMS = 0.257 

2200 

 

 
RMS = 0.253 

 

 
RMS = 0.992 

 

 
RMS = 0.173 

3500 

 
RMS = 0.668 
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4800 

 
RMS = 0.315 

  

6000 

 
RMS = 0.292 

  

 

 

 

Table XIX. Supplemental AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), section 

analysis, and RMS roughness (in nm) of 0.1 wt% PSS thin films prepared by spin coating on 

silicon wafer at various spin rates.  

Spin 
Rate 
(rpm) 

Images in Table V Additional AFM Images, Section Analyses, and RMS 
Roughness Values 

900 

 

 
RMS = 0. 0.334 

 
RMS = 0.527 

 

 
RMS = 0.540 
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1400 

 

 
RMS = 0.835 

  

2200 

 

 
RMS = 0.857 

  

3500 

 

 
RMS = 0.702 

  

4800 

 

 
RMS = 1.236 

  

6000 

 

 
RMS = 0.583 
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Table XX. Supplemental AFM images (data scale 5 nm, aspect ratio 5 µm x 1.25 µm), section 

analysis, and RMS roughness (in nm) of 0.1 wt% PAA- thin films prepared by spin coating on 

silicon wafer at various spin rates. 

Spin 
Rate 
(rpm) 

Images in Table VII Additional AFM Images, Section Analyses, and RMS 
Roughness Values 

900 

 

 
RMS = 0.127 

 

 
RMS = 0.222 

  

1400 

 
RMS = 0.169 

 

 
RMS = 0.413 

 
RMS = 0.317 

 

2200 

 
RMS = 0.191 

 

 
RMS = 0.519 

 
RMS = 0.196 

 
RMS = 0.365 

3500 

 
RMS = 0.139 

 

 
RMS = 0.256 

 

 
RMS = 0.225 
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4800 

 

 
RMS = 0.175 

 
RMS = 0.523 

  

6000 

 
RMS = 0.158 

 

 
RMS = 0.545 
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