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ABSTRACT
This work presents the study of thermal behaviour in thin Nafion films. The experiments have
been carried out with variable angle spectroscopic ellipsometry (VASE), atomic force microscopy
(AFM), and goniometer. The results from this investigation focused on thin films between 10 and
700 nm thick on different substrates. The thermal behaviour of thin films was studied by analyzing
the thermal expansion coefficients (α) and glass transition temperature (Tg). Moreover, the
influence of different substrates on the thin films’ thermal behaviour was investigated. It was found
that Nafion thin films did not show clear glass transition behaviour between 25 and 200°C. The α
values of thin films showed clear deviation from that of Nafion membrane. Moreover, the thin
films on hydrophilic substrates (Au and Pt). showed decrease in α compared to membrane, while
intermediate substrates (SiO2, graphene) showed increase. There is a strong correlation between
water contact angle and α values.
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CHAPTER 1

INTRODUCTION

Polymer nanothin films are being exploited in a variety of applications including microelectronics,
electrochemical devices, protective coating, electro-optics, drug delivery, and membrane
separation. Thin films of ion-conducting polymers (ionomers), a special class of polymer
materials, are finding increasing applications in fuel cells, batteries, electrolyzers, sensors, and
actuators [1]. One of the preferred ionomer materials for these devices is Nafion® [2], a
perfluorosulfonic acid (PFSA) is a trademark product of DuPont, because of its superior proton
conductivity and chemical stability.
1.1

Literature review

The chemical structure of Nafion is shown in Figure 1.1. Differences between different forms of
Nafion is usually described in terms of its equivalent weight. The equivalent weight (EW) is the
molecular mass of Nafion per sulfonic group. The EW is related to m, the number of repeating
CF2-CF2 units in the backbone by the equation EW = 100m + 446. The average value of m is
approximately 7 for a membrane of 1100 EW [2]. The PTFE backbone of Nafion is hydrophobic
while its sulfonic acid terminated side chains are hydrophilic. Nafion polymer chain have the
tendency to form bundles with intertwined backbones and sulfonic acid terminated side chains
pointing radially outwards (Figure 1.1 b). Experimental evidence show that Nafion membrane
possess relatively low degree of crystallinity (~ 12%) [2]. Current morphological models of Nafion
shows nanoscale phase separation into crystalline and ionic domains [3]. The ionic domain
(containing sulfonic acid groups) enables ionic conductivity of Nafion. The crystalline domain
provides mechanical strength.

1

b)

a)

Figure 1.1. The chemical structure of Nafion (a), where m denotes the number of repeating
CF2 in backbone. Several polymer chains form bundles (b) with PTFE backbone in the
core and sulfonic acid side chains pointing radial outward. Reprinted with permission
from [4]. Copyright 2013 American Chemical Society.

For sensors and actuators, sub-micron thin Nafion ionomer films on planar substrate with printed
electrodes are desirable [5]. As shown in Figure 1.1 and 1.2, in a polymer electrolyte fuel cell,
Nafion is employed both as an electrolyte membrane (tens of microns) separating the anode and
the cathode, as well as the proton-conducting medium (few nanometers thin) in the catalyst layer.

2

Figure 1.2. Components of a polymer electrolyte membrane fuel cell [6].
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Figure 1.3. A schematic of Pt/C nanoparticles, ionomer thin film structures and reactions
in the catalyst layers.

In the membrane layer of PEMFC, Nafion thickness is around 50-170 μm [7] and is believed to
exhibit bulk properties which have been extensively studied [8]. The active part of the catalyst
layers in PEMFC is known to be formed by aggregates of Pt/C-ionomer agglomerate with
characteristic size of 100-300 nm [9]. In the catalyst layer, Nafion exists as thin films covering the
carbon supported Pt catalyst nanoparticles (< 10 nm) [10] and its thickness can vary from 4 nm
[11] to 10 nm [8]. The optimum performance of fuel cells requires a simultaneous reduction in
precious metal (platinum) catalyst content [9] and improvements to ionomer properties such as
proton conductivity, hydration stability at high temperatures, mechanical, thermal and oxidative
stability [2]. The morphology and properties of nanothin Nafion is of fundamental interest in the
4

optimal design of PEMFC catalyst layers, which is directly linked to fuel cell performance and
cost.

1.1.1 Ultra-thin Nafion Films
Recent literature, including significant work from our group, shows that thin films of Nafion
exhibit a range of properties that are significantly different from its bulk [12]. At such low
thicknesses of polymer films, the structure and properties are known to differ from that of the bulk
materials [13]. In fact, a number of thickness-dependent properties of Nafion thin films have been
reported including: conductivity [14]–[16], water uptake [17]–[20], oxygen diffusivity [21]–[23].
For example, Nafion films less than 50 nm in thickness are found to possess lower conductivity
than 300 nm films at 60% RH [9]. The thickness dependency is usually attributed to the surface
induced structure formation, which then impacts the properties. The polymer/substrate interactions
depend on the nature of the substrate, e.g. hydrophilicity/hydrophobicity or electron
donor/acceptor ability. The effect of substrate on structure of Nafion thin films has been probed
experimentally by Neutron Reflectometry, Grazing Incidence Small Angle X-Ray Scattering
(GISAXS) and Positron Annihilation Lifetime Spectroscopy (PALS). NR measurements have
revealed that the ionomer form different morphologies on SiO2, glassy carbon, Pt and PtO
substrates [24], [25]. GISAXS studies show that films of 4 nm and 10nm thickness have no ionic
and crystalline phase separation, unlike that observed in bulk Nafion membranes [19]. Lower water
uptake and associated swelling have been found for spin-cast films on gold than those for selfassembled films on gold [26]. Shim et al. reported that the water uptake of Nafion films at 25 and
83 nm thicknesses on Au, Pt and SiO2 were comparable [27].

5

1.1.2 Polymer-Substrate Interactions
Significant insights into the nature of substrate/polymer interactions and internal structure of thin
films can be gained from thermal behaviour such as glass transition temperature (Tg) and thermal
expansion coefficient. This was demonstrated in the pioneering work by Keddie et al. [28] who
reported thickness-dependent Tg of polystyrene (PS) and polymethyl-methacrylate (PMMA) thin
films and different trends of Tg on different substrates. They reported that Tg deviated significantly
as the thickness of the films dropped below 50 nm. On Au, the Tg of PMMA was found to decrease
with decreasing film thickness Figure 1.4 [28]. The observed change in Tg was associated with an
increase in the coefficient of linear expansion (Figure 1.5) below 100 nm film thickness. The
opposite effect was observed for PMMA films on native oxide of silicon (Figure 1.6). On hydrogen
passivated silicon surface, PS films of thinner thickness exhibited lower Tg than films of thicker
thickness [29]. The elevation in Tg for thin PMMA films on silicon dioxide was interpreted as
evidence for attractive interaction due to hydrogen bonding [29]. The elevation in Tg was not
observed in thin PS films because PS do not contain electronegative oxygen atoms that are found
in the methacrylate side group of PMMA [28].
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Figure 1.4. The glass transition temperature of polystyrene as a function of film thickness
on silicon substrate. Reproduced from [29] with the permission of Europhysics Letters.

Figure 1.5. The coefficient of linear expansivity below glass transition of polystyrene
films on silicon. Reproduced from [29] with the permission of Europhysics Letters.
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Figure 1.6. Glass transition temperature of PMMA thin film as a function of thickness on
native oxide of silicon. Reproduced with from [28] with permission of The Royal Society
of Chemistry.

For thin films of Nafion ionomer, to the best of our knowledge, no published work on glass
transition and/or thermal expansion exist. On the other hand, the thermal behaviour of bulk form
of Nafion has been studied extensively by methods including dynamic mechanical analysis
(DMA), NMR and small-angle X-ray scattering (SAXS) [30]. At least three thermal transitions –
inferred from dynamic mechanical analysis and dielectroscopy measurements have been reported
[30]. For proton form of dry Nafion, two transition temperatures, designated as 𝛼 (at high
temperature ~ 100 °C ) and 𝛽 (at low temperature ~ -20 °C), have been attributed to the mobility
of ionomer side chains and mobility of backbone, respectively [30]. Thermal expansion coefficient
of bulk Nafion materials in dry state exhibit two different values above and below this high

8

temperature thermal transition temperature [31]. From studies of thermal behavior of other
polymer thin films and thickness-dependent Nafion thin films [28], [29], it is expected that both
glass transition temperature and expansion coefficients may exhibit thickness- as well as substratedependent behaviour. The interesting molecular architecture of Nafion [4] with hydrophobic,
Teflon-like backbone upon which are distributed side chains of perfluorovinyl blocks terminating
in hydrophilic sulfonic group opens up possibilities of different molecular interactions. Thus,
different Nafion thin film nanostructures are expected for films on different substrates varying in
hydrophobic/hydrophilic character. In fact, molecular simulations have examined the effect of
hydrophobic (carbon-like) and hydrophilic (platinum-like) wetting properties of substrate on the
internal structure of Nafion thin films [13]. A very hydrophobic substrate causes the hydrophobic
polymer backbone to be in direct contact with the substrate, whereas a very hydrophilic substrate
causes the hydrophilic sulfonic groups to contact the substrate [13]. This effect leads to very
different polymer microstructures at different hydration levels. Currently, the thermal behaviour
of Nafion membrane have been studied by techniques such as linear variable differential
transformer (LVDT) [31], dynamic mechanical analysis (DMA) [32] and tensile testing [33]. The
LVDT technique studies the thermal expansion behaviour of sample. The DMA technique
measured the mechanical relaxation of sample as a function of temperature. Tensile testing
measures the stress-strain behaviour of sample.

The applicability of all of the abovementioned techniques are limited to bulk form of Nafion. The
current literature is lacking in the thermal behaviour of Nafion thin film as well as its interaction
with different substrate materials, where its structure and properties are expected to be different
from those of bulk (membrane) form, similar to other polymer thin films.
9

1.2

Objective

The objective of this work is to investigate how the nature of the substrate impacts the thermal
behaviour of nanothin Nafion films. In-situ variable temperature ellipsometry method [29] has
been adopted. The development of experimental protocol, especially the thermal history, was
another implicit requirement of the thesis work. During the temperature scan measurements, the
thickness variation of Nafion film as a function of temperature is determined. The film thickness
change is then analyzed to obtain thermal expansion coefficient as well as to probe the glass
transition temperature. In this work, four different surfaces with varying surface energies have
been investigated - hydrophilic SiO2 surface, hydrophobic graphene, electrocatalytic platinum and
metallic gold surfaces. Nafion films of thickness ranging 10-135 nm were examined.

1.3

Thesis layout

The thesis organization is described below.
Chapter 1 Introduction: The introduction contains a short literature review on the structure and
property of thin Nafion films, a scope of this work on thermal behaviour of thin Nafion films, and
a chapter by chapter layout of this thesis.
Chapter 2 Ellipsometry theory: In this thesis, the thermal expansion of Nafion thin films has been
studied using in-situ, variable-temperature ellipsometry technique. This Chapter introduces the
basic principle of ellipsometry, the optical models used for fitting the ellipsometry data, and
selected experimental data for other (non-Nafion) polymer thin films.
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Chapter 3 Experimental: This chapter contains detailed description of materials, substrate cleaning
and characterization, film preparation. The ellipsometry measurements were validated with AFM
technique and reference data where applicable.
Chapter 4 Results and discussions: This chapter presents the key results for in-situ thermal
ellipsometry of Nafion thin films. It is pertinent to mention that no prior data on thermal expansion
behaviour of sub-micron thin Nafion films are reported in the literature. The approach used for
determination of thermal expansion coefficient and glass transition temperature of thin films. The
primary results reported are the effect of film thickness and the influence of substrate on Nafion
thin film thermal expansion.
Chapter 5 Conclusion: This chapter presents a summary of results obtained from this work. The
future work on ellipsometry studies of Nafion films is also included.

xi

CHAPTER 2

ELLIPSOMETRY THEORY

This Chapter introduces the basic principle of ellipsometry, the optical models used for fitting
the ellipsometry data, and selected experimental data for other (non-Nafion) polymer thin films.

2.1

Ellipsometry theory

Ellipsometry is an optical technique that measures the change in polarization of linearly polarized
light as it reflects from a sample surface. A light source of known p- and s- polarizations is used
to irradiate the sample (
Figure 2.1). In p- polarization, the electric field of light waves oscillate on the plane of incidence.
In s- polarization, the electric field of light waves oscillate normal to the plane of incidence [34].
When light reflects on the sample, the p- and s- polarizations show different changes in amplitude
and phase [34].

Figure 2.1. Interaction of p- and s- polarized light with thin slab [35].
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The refractive index describes the optical properties of a material and the interaction of a material
with light. It describes how the speed of light slows in a medium. It is represented as a complex
number N with real part representing index (n) and imaginary part (k) representing absorption
coefficient:
𝑵 ≡ 𝒏 + 𝒊𝒌

(2.1)

The refractive index is related to the complex dielectric constant, which is defined by:
𝜺 ≡ 𝜺𝟏 + 𝒊𝜺𝟐

(2.2)

𝑵𝟐 ≡ 𝜺

(2.3)

The real and imaginary parts of dielectric constants, 𝜀1 and 𝜀2 , are both wavelength dependent
and they are related through the Kramers-Kronig (KK) relations and 𝜀1 is calculated from 𝜀2 . The
peaks in 𝜀1 and 𝜀2 are due to atomic and electric polarizations which corresponds to the infrared
and visible/UV regions respectively.

For an absorbing material (k > 0), light loses intensity according to Beer’s law as it travels through
it:
𝑰 = 𝑰𝒐 𝐞𝐱𝐩(−𝜶𝒅)

(2.4)

The absorption coefficient (α) is related to the extinction coefficient through the relation
𝜶=

𝟒𝝅𝒌

(2.5)

𝝀

Incident light will refract and transmit at each material interface of the sample. Electric dipole
radiation from atoms of the sample produce different changes in the p- and s- polarized light and
they are described in terms of the amplitude reflection and transmission coefficients, rp, tp, rs, ts,
and they can be calculated by Fresnel equations. The amplitude coefficients are applicable at each
interface of the sample. The amplitude reflection coefficient for a multilayer structure is expressed

13

from combining the sum of all reflected light wave (Figure 2.2). The light waves produce
interference based on their relative phase and optical path.

Figure 2.2. Depiction of the overall Fresnel reflection and transmission coefficients due to
light interference with a thin film sample [36].

Ellipsometric measurement for a sample requires using an incident (reference) beam of known
polarization, typically linearly polarized light. The optical components in an ellipsometer consist
of a light source, polarizer, compensator, analyzer and detector (Figure 2.3). The light source and
polarizer are located on the incident side. The polarizer is used to produce linearly polarized light
from unpolarized light. The reflected, polarized light is passed to the compensator. The
compensator shifts the phase of polarized light. The analyzer determines the state of polarization
of reflected light. The light detector determines the intensity of light.

14

Figure 2.3. Schematic diagram showing the main optical components in a rotating analyzer
ellipsometer [35].

The change in the polarization state of p- and s- polarized light are described by the amplitude
ratio (ψ), and phase difference (Δ) as per the following expression.
𝐭𝐚𝐧 𝚿 𝐞𝐱𝐩(𝐢𝚫) ≡

𝒓𝒑
𝒓𝒔

𝒕𝒑

or 𝒕

(2.6)

𝒔

The ψ and Δ collected from a measurement are analyzed through an optical model for the sample
that consists of thickness and optical constants parameters of each layer in a sample. The optical
model uses Fresnel’s equation to generate the predicted ψ and Δ responses. These predicted values
are then compared to the measured ψ and Δ values. The initial parameters in the optical model
may be an estimates at the time of the measurement. The unknown parameters are varied to
produce a predicted response that best fits the measured response through regression algorithm.
The goodness of fit is described by the Mean Squared Error (MSE), which is defined as
𝑪𝑬𝒊 −𝑪𝑮𝒊 𝟐

𝑵𝑬𝒊 −𝑵𝑮𝒊 𝟐

𝟏
𝑴𝑺𝑬𝑵𝑪𝑺 = √𝟑𝒏−𝒎 ∑𝒏𝒊=𝟏 [(

𝟎.𝟎𝟎𝟏

) +(

𝟎.𝟎𝟎𝟏

𝑺𝑬𝒊 −𝑺𝑮𝒊 𝟐

) +(

𝟎.𝟎𝟎𝟏

) ]

where n is the number of wavelength, m is the number of fit parameters, and
15

(2.7)

𝑵 = 𝐜𝐨𝐬(𝟐 𝚿) , 𝐂 = 𝐬𝐢𝐧(𝟐𝚿) 𝐜𝐨𝐬(𝟐𝚫) , 𝐒 = 𝐬𝐢𝐧(𝟐𝚿) 𝐜𝐨𝐬(𝚫)

(2.8)

In equation 2.7, the parameters with subscript E denote the measured data; those with subscript G
denote the model generated data. The parameters are varied within a range of values until the MSE
value is minimized. The fit parameters may be physically incorrect if the regression algorithm
stops at a set of parameter values that produces a local minimum of MSE (Figure 2.4). Therefore,
the optical model should start with a good initial estimate of the fitted parameters as well as its
range.

Figure 2.4. Schematic representation of the local and global minimum of MSE curve versus
film thickness [37].
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The number of unknown parameters cannot exceed the amount of information in experimental
data. At a single wavelength, two data points (ψ and Δ) are collected. In a multi-wavelength
spectroscopic ellipsometer, the number of wavelength is in the range of hundreds.
Thin films produce interference between reflected light at different material interface. Measuring
the thin film thickness requires some light to travel through the entire film and return to the surface.
Ellipsometry is typically used to measure film thickness from sub nanometers to a few microns.
2.2

Ellipsometer data fitting

Fitting of the ellipsometer data requires the development of a physical model of the sample being
examined. Considering a thin film on a substrate such as that depicted in Figure 2.2, two sets of
unknowns must be regressed from the ellipsometry data – optical properties of the film and the
thickness of the film. In addition, the film can be considered to have rough interfaces (Figure 2.5
below), be porous, or have non-uniform thickness. All of these can be considered in the model
when fitting the data but add to the number of parameters to be regressed. In this work, we have
considered uniform film thickness.

Real surface and interface

Current optical model

Surface
roughness
Interface
roughness

Nafion film

Nafion film

Substrate

Substrate

Figure 2.5. Schematic representations of thin film sample structure and optical model.

The optical properties/constants of a material are dependent on wavelength of light. They must be
determined for all wavelengths collected by the ellipsometer. Different dielectric function models
are available for modeling the correlation between shapes of optical constants and wavelength. A
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few parameters of the dielectric function models can be adjusted to fit the shapes of optical
constants over many wavelengths. Some typically used models include: the Cauchy model,
Sellmeier model and Lorentz model. The selection of an appropriate dielectric function model
requires knowledge of the polarization mechanism of the type of material measured. Typical
polarization mechanisms are atomic and electric polarization. A dielectric function model is
implemented as a ‘layer’ in an optical model of CompleteEASE software and it assumes the
material in a film is homogeneous. Some dielectric functions models are described below.

Cauchy is a dispersion relation that uses the first three terms of Cauchy equation to describe the
refractive index (n). Additionally, it is capable of modeling the extinction coefficient with an
exponentially decaying function. It has the disadvantage of not being KK consistent. Cauchy layer
is typically used to model mostly transparent material such as organic films.
𝑩

𝑪

𝒏 = 𝑨 + 𝝀𝟐 + 𝝀𝟒

(2.9)

B-Spline is a basis spline that consists of piecewise defined polynomial functions that are evenly
spaced by points in eV for both 𝜀1 and 𝜀2 values. It is able to achieve arbitrary flexibility in the
dielectric function by interpolating between control points of optical constants. B-Spline is able to
analyze absorbing films and enforce KK-consistency. The spacing of 𝜀1 and 𝜀2 values is described
as resolution. For every control point, there are two fitting parameters. Low resolution increases
the number of control points and fitting parameters. Setting the resolution to low value can increase
the flexibility of function model but introduce unphysical artifacts.
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Gen-Osc stands for General Oscillator. It approximates the shape of optical constants by summing
up one or more oscillators. There are several oscillators available and some of them are KKconsistent. Some KK-consistent oscillators are Tauc-Lorentz, Cody-Lorentz and Psemi oscillators.
Gen-Osc can use a few parameters to model curves of asymmetrical shapes.

EMA stands for Effective Medium Approximation. It is a layer that combines the optical constants
of two or three materials to create a composite material with volume averaged property.

2.3

Example of data fitting to different optical models

This sub-section presents an example of the results obtained for fitting the optical constants of
~700 nm thick Nafion film on SiO2 substrate. The film preparation method is described in detail
in Chapter 3.

Dielectric function modelling for Nafion started with a Cauchy layer with fitting parameters
coefficients A, B, C. It may be noted that although the regular sample stage is capable of variable
angle measurements. The HeatCell sample stage is restricted to measurements at one angle (70°)
due to the presence of only small windows on the stage cover.

Different dielectric function models were attempted for an annealed, 700 nm thick Nafion thin
film, to determine the best optical model. The thickest film was used to illustrate the importance
of light absorption as a consideration while modelling the dielectric function.
The models were Cauchy, B-Spline and Gen-Osc. In Cauchy layer, two sets of parameters were
fitted: A, B, C and A, B, C and k. When k was fitted, light absorption was assumed to take place
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inside the film. In B-Spline layer, 13 nodes (0.3 eV resolution) were used. In Gen-Osc layer, the
Tauc-Lorentz oscillator was selected and fitting was attempted with both one and two oscillators.
The results are presented in Figure 2.6, Figure 2.7 and Table 2.1. Different ‘models are referred to
as ‘layers’; e.g. Cauchy model is referred to as Cauchy layer.
The results from Cauchy layer with k fitted shows the k value monotonically decreasing above
zero with increasing wavelength. The k values from B-Spline layer showed some negative values
above 800 nm wavelength. When k is below zero, the results are unphysical. The k values from
Gen-Osc layer showed a peak at 250 nm and zero values above 600 nm. All models showed
absorption below 600 nm. Only the Gen-Osc layer showed k = 0 above 600 nm and this
corresponds to complete transparency. This is consistent with the polarization mechanism of
organic materials.

Figure 2.6. The k values for different layers used to model an annealed 700 nm Nafion film.
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Figure 2.7. The n values for different layers used to model an annealed 700 nm Nafion film.

Table 2.1. Summary of goodness of fit of a 700 nm, annealed Nafion film, by different
layers.
Layer
# of fitting parameters MSE
Thickness # 2 (nm) n @ 550 nm
Cauchy: fitting A, B, C
3
194
666.0
1.43
Cauchy: fitting A, B, C, k
5
58
709.2
1.38
Bspline: 13 nodes
26
15
695.0
1.40
Gen-Osc: 1 Tauc-Lorentz oscillator
8
22
698.2
1.39
Gen-Osc: 2 Tauc-Lorentz oscillators
12
20
694.1
1.40

The goodness of fit of all layers used were comparable in terms of the number of fitting parameters,
MSE value. For a Cauchy layer with A, B, C as fitting parameters (k = 0), the MSE was 194 and
much higher than the recommended upper limit of acceptance (MSE = 100). When k was added
as a fitting parameter, partial absorption was assumed and MSE reduced to 58. Further reduction
in MSE was made possible by switching to B-Spline and Gen-Osc layers. B-Spline layer produced
the lowest MSE. However, a shortcoming with this layer is that it showed k < 0 for some values
in the high end of wavelength. It may be possible to remove this unphysical behaviour by reducing
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the resolution which leads to more control points and fitting parameters. In Gen-Osc layer, having
two Tauc-Lorentz oscillators instead of one did not significantly reduce the MSE value. Overall,
when absorption was taken into account the film thickness increased by approximately 5%. One
advantage of using a Gen-Osc layer is that it uses less fitting parameters than using a B-Spline
layer for the cases considered. The Gen-Osc layer with one Tauc-Lorentz oscillator is currently
the best dielectric function model.
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CHAPTER 3

EXPERIMENTAL

This Chapter contains detailed description of materials, substrate cleaning and characterization,
film preparation. The ellipsometry measurements were validated with AFM technique and
reference data where applicable.
3.1

Materials

3.1.1 Ionomer
Nafion dipersions (EW 1100) 5 wt% and 15 wt% in water-alcohol mixture were obtained from Ion
Power (USA) and were used as stock dispersions.
3.1.2 Substrates
Silicon dioxide (300 nm thermal oxide) on Si wafers (500 microns thick, <100> orientation,
undoped, 100 mm diameter) was obtained from University Wafers.
OTS modified silicon dioxide was OTS in toluene assembled on silicon dioxide (described above).
Silicon dioxide samples were cleaned with Piranha and RCA etchants and UV-ozone cleaner for
30 min. The cleaned samples were then dipped in toluene solution containing 2 mM OTS for 1
hour. The cleaning procedure is described in the next subsection.
Au and Pt substrates were essentially the electrode surfaces of QCM crystals (25.4 mm diameter,
5 MHz) with Au and Pt electrode materials were obtained from INFICON/Maxtek. A second type
of Pt surface on silicon wafer (500 microns thick, <100> orientation, undoped, 100 mm diameter)
was obtained from MTI Corporation (California, USA). This kind of Pt surface was used to prepare
Nafion films of the lowest thickness due to its low roughness (< 2 nm RMS).
Monolayer graphene on silicon dioxide (300 nm thermal oxide) on Si wafers (500 microns thick)
was obtained from University Wafers. The wafers for graphene and SiO2 were diced into 2 cm x 2
cm pieces.
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3.1.3 Other chemicals
The stock dispersions (Nafion) were diluted to different concentrations with high purity (99.5%)
iso-propyl alcohol (IPA, 99.5%) from Alfa Aesar (Massachusett, US). Toluene (anhydrous:
99.8%), ammonium hydroxide (50%) and hydrogen peroxide (27%) were obtained from Alfa
Aesar (Massachusett, US). Sulfuric acid (98%) was obtained from EMD Millipore Corporation
(Massachusett, US). Ethanol (anhydrous alcohol: 95% ethanol) was obtained from J.T. Baker
(Pennsylvania, US). Trichloro(octadecyl)silane or OTS (≥ 90%) was obtained from Sigma-Aldrich
(Missouri, US).
3.2

Substrate cleaning

Four different substrates were used in this work - SiO2, graphene, gold and platinum. All substrates
were cleaned to remove surface contaminants such as organic material. SiO2 substrates were
cleaned with piranha etchant (70:30 H2SO4:H2O2) at 85 oC for 30 min followed with RCA etchant
(100:20:20 H2O:NH4OH:H2O2) at 85 oC for 30 min. SiO2 substrates were dried in air and in 18 in.
Hg vacuum oven at 40oC. Au and Pt coated QCM crystals were cleaned by rinsing with
isopropanol and deionized water. The samples were dried in air and in 18 in. Hg vacuum oven at
40oC, and UV-cleaned for 30 minutes to remove surface contaminants. The ultra-violet cleaner
used was a PSD Pro Series Digital UV Ozone System (Novascan Technologies, Iowa, US).
Monolayer graphene on 300 nm SiO2 were cleaned by rinsing with isopropanol and deionized
water only.
3.3

Films preparation

All Nafion films were prepared by spin coating at room temperature. The spin coater model
employed was WS-650MZ-23NPPB (Laurell Technologies Corporation, USA). First, stock
Nafion dispersions were diluted with isopropyl alcohol to yield dispersions between 0.5 and 10
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wt% and equilibrated by intermittent sonication for over two minutes. Next, a small amount
(0.2mL) of the diluted dispersion of known concentration was deposited on the substrate and
subjected to spin coating at 5000 rpm for 30 s. Films of thickness varying from ~10 nm to ~350
nm could be generated as shown in Figure 3.1 below.
400
350

film thickness (nm)

300
250
200
150
100
50
0
0.00

0.02

0.04

0.06

0.08

0.10

0.12

Nafion wt%

Figure 3.1. Nafion concentrations used to make films of different thicknesses.

The film thicknesses were nearly directly proportional with Nafion concentration. The upper limit
for film thickness was limited by the concentration of Nafion dispersion available. The lower limit
for film thickness was limited by the method of film preparation, namely spin coating. The film
thickness did not vary significantly with substrate material and spin coating time and speed. The
films with thickness less than 10 nm were shown to be either non continuous or having very low
refractive index values.
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3.4

Ellipsometer

Ellipsometric measurements were performed with an M-2000 U spectroscopic ellipsometer. The
ellipsometer has a wavelength range of 245-1000 nm with 470 wavelengths. The angles of
incidence range is 45° - 90° with respect to horizon. The optical configuration of M-2000 is of
type rotating-compensator ellipsometry (RCE). RCE allows for measurement of (ψ, Δ) over the
full range and degree of polarization versus wavelength, or depolarization spectrum. The
ellipsometer system is coupled with a proprietary software, CompleteEASE 5.10, to analyze the
ellipsometry data collected.

3.5

In-situ variable temperature ellipsometry measurements

The ellipsometer uses an optional attachment (HeatCell sample stage) to make temperature
dependent measurements. A cover made of anodized aluminium is able to stabilize the ambient
temperature. The cover has two quick connector ports to allow purging with a dry gas. The cell is
capable of measurement between -80° and 600° C. The angle of incidence is fixed at 70°. Some
auxiliary components that the HeatCell uses to control temperature includes a STC-200 Controller,
LN2-P Box, and liquid nitrogen dewar. A controller changes the temperature of the sample stage.
The LN2-P Box pumps a gas coolant to cool the stage. The liquid nitrogen dewar stores the liquid
nitrogen to LN2-P Box.

3.6

Substrate characterization

The substrate surfaces were characterized using ellipsometry, atomic force microscopy (AFM) and
contact angle measurements. All blank substrates were also subjected to measurements with the
heating stage over a thermal history identical to that for the Nafion thin film coated substrate
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samples. These measurements investigate whether the optical constants for the substrates are
significantly influenced by temperature. If the substrates’ optical properties are not significantly
temperature dependent, the fitting parameters for the substrate layers were fixed to reduce the
overall number of fitting parameters.
3.6.1 Optical properties of the substrate by ellipsometry
The substrate materials and optical model fitting are briefly described below and summarized in
Table 3.1.
Silicon dioxide (300 nm thermal oxide) on Si wafers (500 microns thick, <100> orientation,
undoped, 100 mm diameter) was obtained from University Wafers. The wafers were diced into
2cm by 2cm pieces. The silicon dioxide layer is fitted using optical constants defined by
CompleteEASE library and it assumes silicon dioxide is transparent. The only fitting parameter
was the layer thickness.
OTS modified silicon dioxide was fitted using silicon dioxide layer as described above. The silicon
dioxide thickness was measured before and after OTS modification. It was found that the apparent
silicon dioxide thickness increased by ~2 nm after OTS modification. This change in apparent
thickness provided evidence that a thin film of OTS was deposited on silicon dioxide substrate.
Monolayer graphene on SiO2 (300 nm thermal oxide) on Si wafers were similarly diced into 2cm
by 2cm pieces. Graphene layer was fitted with Gen-Osc and Tauc-Lorentz oscillator. The fitting
parameters were thickness, n and k. The optical constant for graphene monolayer were unknown
at the time of fitting.
Au and Pt substrates were the electrode surfaces (12.7 mm diameter) of QCM crystals (25.4 mm
diameter, 5 MHz) with Au and Pt electrode materials were obtained from INFICON/Maxtek. Au
and Pt are metallic and metals have high absorbance. As a result, light is not able to travel through
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the entire thickness of the film (~20 nm) and return to the surface. Thus, the thickness of Au and
Pt metal layers could not be determined. The fitting parameters were n and k.
Table 3.1. The dielectric function models used for different substrates.
Layer\Substrate

SiO2

Layer #2
Layer #1
Substrate

None
SIO2_JAW.mat
SI_JAW.mat

Fitting
parameters

Layer #1:
thickness

Monolayer
graphene on
SiO2
Gen-Osc
SIO2_JAW.mat
SI_JAW.mat
Layer #1:
thickness; Layer
#2: thickness, n,
k;

Au

Pt

None
None
B-Spline

None
None
B-Spline

Substrate: n, k

Substrate: n, k

3.6.2 Temperature dependent ellipsometry measurement
SiO2 Substrate

Linear expansion

0.30%
0.20%
0.10%
preanneal
0.00%

postanneal

-0.10%
0

50

100

150

200

250

Temperature (°C)

Figure 3.2. The thermal expansion of SiO2 substrate before and after annealing.
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temperature (°C)

Figure 3.3. The comparison of thermal expansion of SiO2 after annealing with reference
values [38].

The optical constants of SiO2 were fixed in the library data. They were not expected to have
significant dependence on temperature due to the crystalline material structure of SiO2. The
coefficient of linear thermal expansion for SiO2 was compared to literature data (Figure 3.2). It
was found that the post-anneal data for SiO2 was in good agreement with that in literature,
specifically, for the a-axis of crystalline SiO2 [38]. The results of SiO2 temperature dependent
measurement shows that the maximum amount of thermal expansion is around 0.25% or 0.75 nm
for a 300 nm thick layer of SiO2. A comparison of thermal expansion before and after annealing
shows that the shapes of thermal expansion graphs were comparable except that the heating curve
of preannealed sample show some deviation from the other parts of the measurements between 25
and 100°C (Figure 3.3). This effect may be attributed to the presence of water on SiO2 after rinsing.
It also highlights the need for drying the SiO2 substrate prior to its thickness measurement since it
seems to cause most of the hysteresis behaviour between heating and cooling. Finally, the
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thickness of SiO2 could be assumed fixed for the temperature range between 25 and 200°C for thin
films more than 10 nm in thickness.

Graphene Substrate
5.00%

Linear expansion

0.00%

-5.00%

-10.00%
preanneal
postanneal

-15.00%
0

50

100

150

200

250

Temperature (°C)

Figure 3.4. The thermal expansion of graphene substrate before and after annealing.
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Figure 3.5. The optical constants of graphene fitted using a Gen-Osc layer.

The graphene layer was modeled with a Gen-Osc layer (Figure 3.5), with Tauc-Lorentz oscillator.
It was initially modeled with B-Spline layer that produce unphysical optical properties (k<0). The
SiO2 beneath graphene was also fitted with an initial thickness value of 300 nm because the exact
thickness of SiO2 might deviation from the specifications, a fact observed during SiO2
measurements. The n and k curves showed a single peak close to 550 nm. Some literature results
show a single peak for a cleaved piece of graphene close to 300 nm using a dielectric function
model that fixed the thickness of graphene at 0.335 nm [39]. Multiple point measurement of
graphene showed that the graphene layer thickness ranged from 0.2 nm to 0.4 nm. The range of
results agreed with the interplanar spacing of graphite (0.335 nm). After obtaining physical optical
constants for graphene measurement at room temperature, the fitting parameters in Gen-Osc layer
were fixed, leaving the layer thickness the only fitting parameter. Fixing the optical parameters
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with respect to temperature increase the MSE values at higher temperature but it was necessary to
avoid discontinuities in the thickness parameter as temperature changed. Graphene substrate
showed no change in temperature dependent behaviour before and after annealing. An interesting
observation is that graphene showed negative thermal expansion as temperature increased.
However, it may be an artifact caused by the fixing the optical constant.

Au and Pt Substrates
For Au and Pt substrates, two substrates of different roughness were measured. The optical
constants of metallic substrates were modelled with B-Spline layer with 38 control points. The
starting values for n, k values were from J.A. Woollam (JAW) in CompleteEase software. Both
substrates were fitted with MSE values lower than 5.
For each metallic substrate, the measured values were compared to the initial (reference) values.
For polished Au, the measured n, k values were very close to those from JAW (Figure 3.6). For
rough Au, the n, k values were lower than those from JAW (Figure 3.6). On the other hand, for
polished Pt, the measured n, k values were lower than those from JAW (Figure 3.7). For Pt on Si,
the n, k values were very close to those from JAW (Figure 3.7). The difference in processing
conditions may affect the n, k values measured because the metallic substrates were produced by
different sources. In addition, the lower n and k values may correspond to greater surface
roughness, which corresponds to greater contribution of air (n = 1) on the substrate surface and
thus lower the efficient optical constants of the layer. The surface roughness of substrates was
studied in a later subsequent section and the results support this explanation.
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Figure 3.6 The optical constants of Au reference and substrate materials.

Figure 3.7. The optical constants of Pt reference and substrate materials.

The optical constants for Au and Pt were plotted on the same graph for different temperatures
(Figure 3.8 and Figure 3.9) because some studies reported changes in the optical constants of Au
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due to annealing [28]. The results showed that the shape of optical constant showed slight change
with respect to temperature. The shape of these curves did not change significantly. Therefore, for
thin film measurements, the Au or Pt substrate optical constants were fixed to the values measured
for the blank substrate.

Figure 3.8. The optical constants of Au substrate at different temperatures, before and
after annealing.

Figure 3.9. The optical constants of Pt substrate at different temperatures, before and after
annealing.
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3.6.3 Surface morphology of substrates by Atomic Force Microscopy (AFM)
The surface morphology of the substrates was characterized by atomic force microscopy. The
AFM model was 5500 AFM System (Agilent Technologies, USA). The area of samples measured
was 1 μm by 1 μm at 256 x 256 pixels. The scanning rate was 0.5 line/s. The topographical images
of the different substrates are presented in
Figure 3.10 below.

SiO2

Graphene (monolayer) on SiO2

Pt on QCM (polished)

Au on QCM (polished)

Figure 3.10. AFM images (topography) of blank substrates.
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The topography can produce information about the substrate surface such as grain size and
roughness. There are numerous ways to define roughness. The two measurements of surface
roughness used in this work are the root mean square (RMS) roughness (Rq) and the maximum
height of the roughness (Rt). The RMS roughness can be considered as the root of squares of
deviation of the surface texture relative to the average height of the surface. It is defined by the
equation
𝟏

𝑹𝒒 = √𝒏 ∑𝒏𝒊=𝟏 𝒚𝟐𝒊

(3.1)

where 𝑦𝑖 is the vertical distance from the mean line to the ith data point.
The Rt is the difference between highest peak and the lowest valley of the surface texture after
levelling. It is defined by the equation
𝑹𝒕 = 𝑹𝒑 + 𝑹𝒗

(3.2)

where 𝑅𝑝 is the maximum peak height and 𝑅𝑣 is the maximum valley depth.
The two roughness measurements were both collected from a line profile (similar to that shown in
Figure 3.11) taken from the topography images collected by AFM. The postprocessing software,
Gwyddion, was used.
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Rv

yi
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i

Figure 3.11. Surface roughness from a Pt (QCM) AFM measurement. i represents location
of profile height along x-axis.

It was observed that the Rt value (Table 3.2) was close to five times the Rq (Table 3.3) values for
all substrates. Getting the appropriate measurement to quantify the substrate roughness is
important for the optical model in ellipsometry. The most basic optical model assumes each
material is homogenous and perfectly flat. The actual interfaces of the supported thin film samples
are not flat. Rather, there may be a region - a few nanometers in thickness - close to the material
interface where both the substrate material and polymer film exist. This is a challenge more
significant for films of very low thickness. For instance, in an optical model with a layer for Nafion
film (10 nm) and a layer for Pt QCM substrate (Rt = 9 nm), the percentage uncertainty is 90%. The
Rt value and not Rq value would be the more conservative estimate of the error of the thin film
thickness. It shows that the roughness of the substrate defines the lower limit of uncertainty in film
thickness measurements.
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Table 3.2. Maximum height of the roughness of substrates.
Rt, maximum height of the roughness (nm)
SiO2
Graphene
Au QCM rough
Au QCM polished
Pt QCM polished
Pt on Si wafer

1
1.0
2.0
9.5
12.3
7.0
4.7

2
1.5
2.1
12.0
7.7
8.9
6.4

3 Average
2.2
1.6
2.6
2.2
12.7
11.4
5.2
8.4
6.9
7.6
4.6
5.3

Table 3.3. Root mean square roughness of the substrates.

3.6.4 Wettability of the substrate by water contact angle
The Nafion polymer structure contains a hydrophobic PTFE (Teflon) backbone and hydrophilic
perfluorovinyl side chains terminated in sulfonic groups. Thus, the interaction of Nafion thin films
with substrate is believed to be affected by the wettability of substrate. The contact angle of each
substrate was measured immediately after cleaning. All substrates are known to show increase in
contact angle over time. The cause is believed to be the accumulation of organic contaminants on
substrate surface. In addition, the contact angle for SiO2 surface is strongly affected by the surface
treatment process, such as the type of wet etchant used. All cleaning protocol were described in
the previous sections for ellipsometry measurements. Three measurements were made for each
substrate and the average of all measurements were reported.
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Figure 3.12. The water contact angles of substrates.

The results for contact angle measurements show that the contact angle was highest for graphene,
followed by SiO2 (Figure 3.12). Overall, the contact angles ranged from 10 to 110°. Very
hydrophilic surfaces were obtained on Au and Pt. Very hydrophobic surfaces were obtained on
OTS-SiO2. Monolayer graphene on SiO2 and SiO2 surfaces with contact angle around 40°
possessed intermediate hydrophobicity.

3.6.5 Validation of experimental method: comparison between AFM and ellipsometry
measurement for thin film thickness
The data analysis of ellipsometry measurements may be prone to error even when the goodness of
fit is high (low MSE). Selected annealed Nafion thin films samples on SiO2 had both ellipsometry
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and AFM measurements performed at room temperature. The thickness of fitted ellipsometry
results (Cauchy, k = 0) were compared with those from AFM (Figure 3.13). The thickness of thin
films were checked with AFM by performing depth profile measurement over a linear scratch
made by a stainless steel surgical blade close to 40 μm in width. AFM measurements were made
after ellipsometry measurements. Each thin film sample was measured at three locations over
different scratch marks. It was assumed that the blade was not able to significantly scratch SiO 2
substrate because the hardness between stainless steel and SiO2 was not significantly different.

AFM measured thickness (nm)

700
600
500
400
film thickness

300

Linear (film thickness)

200
100
0
0

100

200

300

400

500

600

700

Ellipsometry measured thickness (nm)

Figure 3.13. Comparison of AFM and ellipsometry film thickness measurements of
annealed Nafion thin films on SiO2.

The difference between the two methods was at most 12%. The average film thicknesses measured
by AFM were greater than those for ellipsometry. These results provide evidence that the Cauchy
layer underestimated the film thickness. In addition, Gen-Osc layer was better at modeling the
dielectric function.
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3.6.6 Validation of experimental method: model studies for known polymer thin films
Thin films of two polymers, PS and PMMA, that have well known Tg were used to validate the
experimental method. The polymer thin films were fitted using both Cauchy layer and GenOsc
layer (defined in material library of CompleteEase software). The Tg, observed as a “kink” in the
thickness versus temperature graph, of these polymer were compared to those reported in literature.
The Tg for PS and PMMA samples measured were 91°C (Figure 3.14) and 113°C (Figure 3.15),
respectively. The film thickness for both films were over 200 nm and well over the threshold
thickness for substrates to induce changes in Tg. Literature reported Tg ranges for PS and PMMA
of different molecular weight were and 91-101°C and 108-117°C respectively [28][40][41][42].
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Figure 3.14. The thermal response of a 310 nm PS film after annealing.
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Figure 3.15. The thermal response of a 210 nm PMMA film after annealing.

3.7

Development of experimental protocol for Nafion thin films

Polymer in the solid phase show two different temperature dependent states [43]. At the low
temperature, there is either minimal movement of polymer chain backbone within the time of
observation, or vice versa. In terms of mechanical properties, the polymer exhibits high elastic
modulus. This state is known as the glassy state (Figure 3.16). At a higher temperature still below
the melting point, the polymer chains possess enough thermal energy to undergo movement.
Crosslink entanglement could be overcome given sufficient time. The elastic modulus reduces by
a factor of 3 to 4 compared to that for the glassy state. This state is known as the liquid state (Figure
3.16). The temperature or range of temperature in which the polymer behaviour transition from
one state to another is defined as the Tg.

There are a number of techniques to experimentally determine the Tg. One method is to observe
the change in thermal expansion associated with the glass transition. The volume and temperature
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behaviour of a polymer is also known to depend on the degree of crystallinity in the polymer
(Figure 3.16). In a highly crystalline polymer, there is not significant change in the specific volume
of polymer through glass transition because there are significant crosslink entanglements in the
polymer chains that cannot be overcome in temperature below the melting point. At the melting
point, the crystalline polymer undergoes a jump in volume. For an amorphous polymer, there is a
sharp change in the volume close to the glass transition temperature, when crosslinks are overcome
and backbone undergone movement to achieve a more relaxed conformation. This change in
volume is seen as a kink at the Tg. The thermal expansion coefficient for the liquid state of the

Specific volume/ (1/density)

polymer and its molten phase are very similar.

glass

liquid

amorphous
polymer
semicrystalline
polymer
crystalline
polymer

Tg

Tm

Temperature
Figure 3.16. The relationship between specific volume and temperature of polymers of
different crystallinity [44].
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The preparation of Nafion thin films by spin coating is believed to create a preferred orientation
of polymer chains. Some studies of recast Nafion films at room temperature showed that little
crystallinity in the films [2]. The as-deposited films were believed to be highly amorphous because
the temperature (room temperature) was not sufficient for polymer chain to be sufficiently mobile
to eliminate voids. Experimental evidence suggests that the microstructure of the polymer films
also undergo transformation from amorphous to semicrystalline as the film is exposed to higher
temperature (up to 200 oC) during temperature dependent ellipsometry measurement.

Literature on the glass transition temperature measurements of thin films by ellipsometry showed
that the Tg depends on the rate of temperature change (scanning rate). The scanning rate used in
ellipsometry measurements in this work was fixed at 2 oC/min. An as prepared (before annealing)
film showed the most hysteresis behaviour between the heating and cooling curve in the first cycle
(run 1). Most of the change was below 150 oC where a transition in slope occurred at different
temperatures. Below this transition point, there was a gap between heating and cooling curve and
it showed an irreversible behaviour. There was also a consistent decrease in the curve below this
transition temperature for subsequent runs 2-4. In qualitative terms, the film has shrunk after
exposure to high temperature. In polymer kinetics, the decrease in thickness is correlated with an
increase in density (decrease in specific volume) as the polymer microstructure became more
crystalline as the polymer chains reorient themselves when chain mobility increase with increasing
temperature. It must be noted however that the influence of crystallization temperature on
crystallization is nonlinear. Polymer crystallizes more rapidly as undercooling increases due to
increased probability of nucleation [43]. However, the crystallization rate decreases eventually as
temperature decreases to the point where the decrease in polymer chain mobility offsets the
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increased nucleation rate [43]. The observed reorganization of polymer chains was also reported
by a study on the effect of annealing on water contact angle. The surface wettability of 10 nm
Nafion films change from 0 to 100° after annealing above 140°C for 1h [45]. Moreover, the proton
conductivity for different RH (40-95%) at 60°C decreased by approximately a factor of ten [45].
These results were interpreted as a major reorganization of the molecules on both the surface and
the bulk [45].
A similar effect was observed in a study of thermal expansion of Nafion membrane by linear
variable differential transformer (LVDT) method (Figure 3.17).

Temperature
Figure 3.17. Linear expansion of Nafion membrane before annealing. The curves labeled
(1), (2) and (3) shows the first, second and third heating runs respectively. Reproduced
from [31] with permission of the Journal of Applied Polymer Science.
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Similarly, upon repeated measurement of a sample, hysteresis behaviour was observed (Figure
3.18). There were two linear regions connected by a transition region. Not much change in slope
was observed in the low temperature region. However, slope in the high temperature region
decreased between run 1 and run 3. There was also an increase in the transition temperature. There
were structural differences between the Nafion membrane from literature and Nafion thin film in
this work. The former exhibit bulk like property and was uniaxially stretched in one direction [31].
The latter was supported by a substrate and was believed to be highly amorphous after preparation
from spin coating.

Linear expansion

8%

6%
4%
2%

run 1

0%

run 2

run 3

-2%

run 4

-4%
0

50

100
150
Temperature (°C)

200

Figure 3.18. Repeated measurements of a 70 nm Nafion film before annealing.

Since the linear expansion behaviour was not repeatable, an annealing treatment process had to be
introduced in order to give the polymer chains sufficient time to reorient (polymer relaxation).
Existing literature showed a range of annealing time and temperature for this process. The
annealing time ranged between a 2 to 48 hours for different polymers. The molecular weight of
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polymer also affects the annealing time as heavier chains are known to have less chain mobility,
and thus require longer time to relax. The annealing temperature was typically a temperature above
the Tg. For Nafion, the highest reported Tg was around 120 oC [30].

0.5 hr

48 hr

2 hr

0.5 hr

temperature

2 hr

200°C
160°C

t0

t1

t2

time

t3

40°C
25°C

Figure 3.19. Thermal history of Nafion thin films.

Figure 3.19 shows the thermal history of Nafion thin film samples. Each as prepared sample (after
spin-coating) was dried in vacuum at 40°C for two hours to remove residual water and alcohol
before the first measurement (before annealing). During the measurement, the temperature was
first increased at 2°C/min between 25 and 200°C. The temperature was held at 200°C for 30 mins
then decreased at 2°C/min. The sample was annealed in a vacuum oven for 48 hours, at 160 oC
and 18 in. Hg pressure. At the end of the annealing process, the samples were cooled to room
temperature at a rate below 1 oC/min (Figure 3.19). A similar cycle of thermal history was used for
the second measurement.
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The repeatability of thermal expansion after annealing was studied for a few selected samples. In
Figure 3.20, the thermal expansion of an 80 nm Nafion film on SiO2 over four cycles of
measurement is shown. It shows that even after annealing, there was hysteresis behaviour between
the heating and cooling curves in the first cycle (start at 0%). In subsequent measurements (#2 4), the heating and cooling curves were consistent with that of cooling curve in the first cycle.
Therefore, the cooling curve in the after annealing measurement was used to calculate the thermal
expansion coefficients of different samples.
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Figure 3.20. The repeated measurements of an 80 nm Nafion film on SiO2 after annealing.

In addition to annealing, the drying of Nafion films is also known to affect the consistency of
measurements since the sulfonate groups in Nafion are known to absorb water under ambient
conditions. Some measurements on an 80 nm Nafion films were made to show the effect of
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annealing and drying (Figure 3.21). After annealing, the linear expansion of Nafion film (annealed
vs annealed and dried) above 75 oC were almost identical. A negative thermal expansion, up to
2%, was only observed on the annealed (but not dried) film. The annealing process was able to
remove most of hysteresis behaviour but not the negative expansion. The negative expansion was
attributed to the evaporation of water molecules absorbed by Nafion film. After drying, the
negative expansion was no longer observed. As a result, a 2 hr drying process at 40 oC, in an 18
in. Hg vacuum oven, was applied to the films immediately before ellipsometry measurement. An
additional measure to remove water from the film was purging the HeatCell with a continuous
flow of dry air (1000 ccm) before and during each measurement.
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Figure 3.21. The effect of annealing and drying on linear expansion for an 80 nm film.
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CHAPTER 4

RESULTS AND DISCUSSIONS

This chapter presents the key results for in-situ thermal ellipsometry of Nafion thin films. It is
pertinent to mention that no prior data on thermal expansion behaviour of sub-micron thin Nafion
films are reported in the literature. The approach used for determination of thermal expansion
coefficient and Tg of thin films. The primary results reported are the effect of film thickness and
the influence of substrate on Nafion thin film thermal expansion.

4.1

Approach

The analyses of thermal expansion coefficient and glass transition temperature of thin films from
thermal ellipsometry experiments involve determination of the film thickness and its change with
temperature. Two challenges in the determination of thin film thickness by ellipsometry
measurements are: (i) substrate roughness for very thin films and (ii) light absorption for very thick
films as depicted in below (Figure 4.1). As discussed in previous section, the gold and platinum
substrates were rough compared to SiO2 and graphene substrates. The roughness of the substrate
as well as limitation of the spin-coating method both limited the investigation of Nafion films
thinner than ~10 nm.

50

Rt 10 nm

MSE > 100
10 nm

Thin film thickness

Substrate dependent behaviour

700 nm
Bulk like properties

Figure 4.1. A schematic representation of challenges of ellipsometry measurements on
films of different thickness. Rt is the difference between highest peak and the lowest valley
of the surface texture after levelling.

The M-2000 ellipsometer allows dynamic measurements of thickness change during temperature
scan (heating and cooling runs) once a layered model for the system being examined is described.
Thus, prior to running the in-situ thermal ellipsometry experiments, the substrate optical properties
and thickness, if pertinent, is input and the Nafion film is represented as a Cauchy layer (as
described in Chapter 3) with unknown optical properties and thickness. The software then fits the
data optical properties and thickness simultaneously and online. The raw data can also be postprocessed with different optical models after the experiments. Figure 4.2 shows the raw data of
thickness change and corresponding refractive index change with temperature.
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Figure 4.2. Raw data for thermal expansion measurements.
4.2

Thermal expansion of Nafion thin film

Although the swelling behaviour of Nafion membrane upon absorption of water has been well
studied, there are extremely limited data on the thermal expansion of Nafion bulk material. On the
other hand, thermal expansion of polytetrafluoroethylene (PTFE) or Teflon, which is the backbone
of the Nafion molecule has been reported. In thin films, the confinement of polymers to the
substrate and the nature of interaction of the polymer with the substrate both influence the thermal
expansion coefficient and glass transition of thin film [28].

In this section, we compare the linear thermal expansion coefficient of a 100 nm Nafion thin film
with that for PTFE polymer for order of magnitude comparison as shown in Figure 4.3 below. The
reference values for thermal expansion of PTFE are the average of multiple studies over the
temperature range shown. It was observed that the Nafion linear expansion is close to three times
that for PTFE. Additionally, for both curves, no distinct transition point was observed in the
temperature range 25-200°C. Given the fact that Nafion has hydrophilic side chains and
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hydrophobic, PTFE backbone does not, it is reasonable that phase segregation is the main
contributor of greater thermal expansion in Nafion.

10.0%
9.0%

Nafion, 100 nm annealed film

Thickness change

8.0%
PTFE [ref]

7.0%
6.0%
5.0%
4.0%
3.0%
2.0%
1.0%
0.0%
0

50

100

150

200

250

Temperature (°C)

Figure 4.3. Comparison of thermal expansion of Nafion and PTFE [38].

The coefficient of thermal expansion of thin polymer films are known to show thickness-dependent
effect below a threshold thickness value in the range 50 – 100 nm. Polymers that show increasing
α value with decreasing thickness include polystyrene [46][47][29]. In one study, the α values of
a 25 nm PS film was approximately five times that for films thicker than 100 nm (Figure 4.4) [47].
In contrast, there are also studies on polystyrene thin films that reported decreasing α value with
decreasing thickness [40].
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Figure 4.4. The effect of film thickness on CTE (melt state) of polystyrene thin films of
different molecular weights. Reprint with permission from [47]. Copyright 2016 American
Chemical Society.

Existing studies on Nafion membrane shows that thermal history has a significant effect on the
measured value of CTE. Unannealed samples of Nafion membrane were measured in linear
variable differential transformer over three heating runs between 20 and 200°C [31]. The
membranes had thicknesses ranging from 0.12 to 1.26 mm. Two distinct linear regions could be
seen for each run. The α values for each linear region were calculated and they were referred as
low and high α value. The low α values for these runs were approximately 160 x 10⁻⁶K⁻¹ and there
were no significant change between successive runs. In contrast, the high α values were 1000
x10⁻⁶K⁻¹, 500 x10⁻⁶K⁻¹ and 250 x10⁻⁶K⁻¹ from run 1 to run 3 shown in Figure 3.17. It shows that
after exposure to high temperature, the high α approaches a smaller value while the low α did not
show significant change. From existing data, it is not known whether the high α would approach a
limit and if so, the period of exposure of high temperature before α became repeatable. The average
of these values are used as the CTE of Nafion membrane and referred to as the CTE of bulk Nafion.
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In general, factors such as the thermal history, thin film thickness, substrate and surface treatment
are believed to influence the CTE of thin films. These effects are investigated in the subsequent
sections.

4.3

Film thickness dependent effect of CTE of Nafion thin films on SiO2 substrate

This subsection presents the original and new data for thermal expansion of sub-micron Nafion
thin films on SiO2 substrate.
High Temp. range
170-200 °C

Thickness change, ΔL/Lₒ

Low Temp. range
30-60 °C

Tg, heating/cooling
Temperature

Figure 4.5. Definition of low and high temperature range used to calculate coefficient of
thermal expansion (CTE).

From the thickness change with temperature, the linear thermal expansion of the films can be
obtained with the assumption that the confined film expands in one direction. The coefficient of
thermal expansion (CTE) or α value was calculated for both low and high temperature ranges
(Figure 4.5). The α value was defined as
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𝟏

𝒅𝑳

𝜶 = 𝑳 × 𝒅𝑻 (4.1)
𝒐

where Lo is the initial film thickness, and dL/dT is the rate of change of thickness with temperature.
Since the thermal expansion curves did not have constant slopes, three slope calculations were
performed for each temperature range (30 - 40°C, 40 - 50°C, 50 - 60°C, 170 - 180°C, 180 - 190°C
and 190 - 200°C) using Microsoft Excel. The average of the three calculations were computed for
each temperature range and the standard deviation of the population were calculated for the
uncertainty. A schematic (Figure 4.6) illustrates the lines of best fit for the three slopes calculated
over a 30 oC temperature range. This procedure was performed for both the heating and cooling
curves of a measurement cycle.

Figure 4.6. A schematic depiction of post-processed data with line segments representing
the three slopes calculated for the high temperature range.

The low and high α values (average of three calculations) for Nafion thin films on SiO2 substrate
are reported in Figure 4.7. The vertical error bars represent the standard deviation in slope
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calculations. Thus, a large error bar represents the non-linearity of the thickness variation with
temperature and the spread of thermal expansion coefficient over 30-60 or 170-200 oC range. The
profound effect of film thickness on thermal expansion coefficient is evident from the data in
Figure 4.7. The thickness of 60 nm below which noticeable changes in properties of Nafion films
are observed is consistent with previous studies wherein thickness-dependent changes in proton
conductivity and water uptake were observed [18], [45], [48]. It is also noted that the expansion
coefficient appears to attain a value comparable to that of the Nafion bulk membrane as the film
thickness increases beyond 60 nm [31]. The difference in low and high thermal expansion
coefficient also indicates the changing nature of the films. This will be discussed in further detail
in a later section. Compared to PTFE, Nafion had higher α values by a factor of around 3. Data
from PTFE literature showed that it does not have a clear transition in α over the temperature range
used for the experiments in this work [38].
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Figure 4.7. The thickness-dependency of low and high thermal expansion coefficient for
Nafion films on SiO2, after annealing. Green and purple lines show average values for
Nafion membrane [31]. Error bars represent standard deviation of the calculated slope
over 30oC temperature range.

4.4

Effect of substrate

The thermal expansion coefficients for films on substrates other than SiO2 were also examined and
the results are reported in Figure 4.8. Several interesting observations can be noted. One is the
differences in the trends for films on Au and Pt vis a vis those for films on SiO 2 and Graphene.
Whereas films of metallic substrates show gradually increasing expansion coefficient with
increasing thickness, films of graphene and SiO2 exhibit much sharper decrease in expansion
coefficient with increasing thickness. Second point to note is the expansion coefficients of films
on all substrates tend towards a common value. The latter yet again confirms that once the film
becomes thick enough, the effect of the near-substrate (or buried interface) films becomes smaller
and the films begin to exhibit bulk like behaviour. The ionomer near the buried interface likely
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still behaves differently than the polymer further away from that interface. Nonetheless, its
contribution to the overall or observable thermal expansion decreases for thicker films. Since the
substrate effect is strong for lower thickness films, we focus on films of nominal thickness of 25
nm. First, it is useful to comment on the gap in data for sub-20 nm films on Au and Pt substrate.
Experiments were performed on these samples but currently the data was not included because the

()

substrate roughness was found to be ~10 nm (Rt, maximum height of the roughness).
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Figure 4.8. The high α of Nafion thin films on various substrates as a function of film
thickness.

The stark difference between the expansion coefficient of ~25 nm films on carbon (graphene) and
platinum highlights the strong influence of substrate on thermal behaviour of Nafion thin films.
The 25 nm nominal thickness films on SiO2 and Graphene had expansion coefficients that are
nearly 6 and 7 times that on Pt. If we correlate α with water contact angle measurements on blank
substrates, an interesting trend emerges (Figure 4.9). The ranking of substrate in decreasing α value
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is in the order: OTS-SiO2 > graphene > SiO2 > Au > Pt. This order correlates to the contact angles
of blank substrates. A high α value corresponds to a high contact angle; a low α value corresponds
to a low contact angle. The difference in substrate dependent effect was also observed by a swelling
study of annealed Nafion thin films. The effect of annealing on reduction in swelling was found to
be stronger for Nafion thin films on carbon and silicon substrates than on gold. This surface effect
was explained by the stronger surface interaction of Nafion with gold than those for carbon and
silicon [26].
The expansion coefficient of 25 nm film is highest for films on substrate with highest contact
angle. That is, the 20 nm annealed films on lower surface energy substrates exhibited higher
expansion coefficient than those on lower surface energy substrate. We recognize it is a simplistic
correlation given the multiple interactions at play including hydrophobic, electrostatic and van der
Waals. However, a similar descriptor, i.e. the extent of hydrophobicity, has been used to
characterize substrates in a molecular simulation study of Nafion thin film on different substrates
[13].
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Figure 4.9. The correlation of water contact angle and α of 25 nm film on different
substrates.

In particular, we would like to point out the negative thermal expansion behaviour of 14 nm film
on Pt surface. This Nafion film was prepared on an ultra-smooth Pt surface with Rrms < 2 nm. Four
consecutive temperature scans were performed on this sample after annealing (Figure 4.10). All
four runs showed a consistent negative thermal expansion behaviour. The nature of negative
thermal expansion is not known at this time. However, we postulate that this observation is the
result of a very different film morphology on and interaction with Pt compared to those on SiO2
and Graphene.
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Figure 4.10. The repeated measurements on a post annealed 14 nm Nafion film on Pt
surface (on silicon wafer).

4.5

Film thickness dependence of glass transition temperature of Nafion thin films

The determination of glass transition temperature of the thin films was also attempted. No clear
change in slope above and below the glass transition was noted as has been reported for semicrystalline polymer films such as PS and PMMA. In this work, the glass transition temperature
was estimated from the intersection of low-temperature and high-temperature slopes on the
thickness versus temperature plots.
There are however several challenges with using this method to calculate the Tg. The first
restriction is that the high and low α values must differ significantly from each other. The second
restriction is that the uncertainty in the α values would propagate to the Tg value. For example, it
was shown that the dielectric modelling of Nafion with different layers have differences in α of up
to 10%. Two α values are required to calculate the Tg value. The uncertainty due to dielectric
62

modeling could add up to 20%. The current approach used Cauchy layer to model the dielectric
function. It was assumed that the results from Cauchy model is correct. Finally, it was observed
that the slope of linear expansion curve changed continuously even in the low and high temperature
ranges defined. The uncertainty of α values were taken into account by calculating averaging the
slope at three segments of 10°C each. The standard deviation of the sample population (σ) was
used as the uncertainty. The α values calculated from
𝜶𝒍𝒐𝒘 − 𝝈𝒍𝒐𝒘 and 𝜶𝒉𝒊𝒈𝒉 − 𝝈𝒉𝒊𝒈𝒉 (4.2)
was used to estimate the lower limit of Tg. Similarly, α values calculated from
𝜶𝒍𝒐𝒘 + 𝝈𝒍𝒐𝒘 and 𝜶𝒉𝒊𝒈𝒉 + 𝝈𝒉𝒊𝒈𝒉 (4.3)
was used to estimate the upper limit of Tg.
The Tg values on different substrates were shown. It was observed that the uncertainty in T g was
up to 70°C for SiO2 (Figure 4.11) and 60°C for Au (Figure 4.12). In general, the uncertainty
increases with decreasing thickness. For films below 20 nm, the low α values were very close to
high α values for all substrates. The calculated Tg value was not meaningful for these data point
for the reasons previously described. Tg calculated from the thickest films available ranged from
120 to 150°C.
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Figure 4.11. Tg of Nafion films on SiO2 and Graphene.

190
180
170
160
150
140
130
120
110
100
90
80

Au
Pt
10

100

1000

Film thickness (nm)
Figure 4.12. Tg of Nafion films on Au and Pt.
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The data point showed some general trends. The trends are obscured by large uncertainties of each
data point. Films on SiO2 showed no change in Tg with film thickness. Films on graphene showed
decrease in Tg with decreasing film thickness. Films on Au and Pt showed a slight increase in Tg
with decreasing film thickness.
In summary, it can be stated that due either to very small changes in the slope or to the continuously
changing slope of film thickness with temperature, a sharp transition in thickness-temperature
response could not be identified. Some trends in the glass transition temperature as a function of
thickness could be noted. However, the differences are not statistically significant. Thus, for
Nafion thin films it is concluded that an accurate determination of glass transition temperature
could not be made.

4.6

A proposed model for different behaviour of thin films on different substrates

The results showed different trends for thermal expansion coefficients with decreasing thickness
of Nafion film. The trends in substrate dependent thermal expansion coefficient was correlated
with water contact angle of substrate surfaces. High contact angle (OTS-SiO2) led to high thermal
expansion. Low contact angle (Pt and Au) led to low thermal expansion. Two nanostructural
morphologies were proposed to explain these substrate dependent effects. The basic unit in these
morphologies is a bundle of several polymer chains with PTFE backbones intertwined close to the
core and sides chains pointing outward [4]. On a hydrophilic substrate, the first layers of bundles
closest to the substrate (inner region) lay parallel to the plane of substrate surface due to strong
attraction between the sulfonic acid terminated sidechains of the bundles that are hydrophilic. On
a hydrophobic substrate, the inner layer of bundles lay perpendicular to the plane of substrate
surface due to strong attraction between the ends of PTFE backbones in the core of the bundle that
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are hydrophobic. In both cases, the bundles further away from the substrate surface (outer region)
are not strongly influenced by the substrate surface interactions. Therefore, they are likely to be
randomly oriented. At room temperature, the difference in the structure of these bundles are
insignificant.
At a higher temperature, the mobility of the bundles increases. The increase in mobility of bundles
allows the bundles in the outer region to assume a structure similar to that of the inner region at
the substrate surface. The movement of bundles are limited to the tilting of bundle orientation as
greater movement such as translation are hindered by chain entanglement. On the hydrophilic
substrate, the outer bundles tilt towards the substrate surface. On the hydrophobic substrate, the
outer bundles tilt away from the substrate surface to assume a more upright orientation. It is likely
that these structure would have anisotropic optical properties.
It is unclear whether the proposed morphology would account for the negative thermal expansion
of an ultrathin Nafion film on Pt. Moreover, the effect of these structural difference on the film
density is not clear. The possible anisotropy of thin films should be investigated by further studies
with alternative experimental techniques.

66

CHAPTER 5

CONCLUSION

This work is the first study to report the thermal expansion behaviour of sub-micron thin Nafion
films using in-situ variable temperature ellipsometry. The effect of film thickness and the influence
of substrate was studied. The latter provides interesting insight into the substrate-polymer
interactions. Five different substrates – OTS-SiO2, SiO2, Graphene, Au and Pt – varying in
hydrophilicity/hydrophobicity were studied.
In-situ thermal ellipsometry was employed for the determination of glass transition temperature
and thermal expansion coefficient of thin Nafion films on various substrates by monitoring
thickness change during heating from room temperature (RT) to 200°C and cooling back to RT.
The results provide a number of insights into the structure and property of Nafion thin films. No
clear onset of glass transition temperature could be ascertained due to lack of clear change in slope
of thickness with temperature. The data was analyzed to extract thermal expansion coefficients.
Thickness-dependent thermal expansion coefficient was found for Nafion films on all five
substrates – OTS-SiO2, SiO2, graphene, Au and Pt. Whereas expansion coefficient increased
slightly with increase in thickness for films on Au and Pt substrates, those for films on SiO 2 and
graphene decreased with increasing thickness. Comparing the expansion coefficient of films of
nominal thickness 25 nm, the expansion coefficient correlated with the water contact angle of the
substrate; higher coefficient was observed for substrate with higher water contact angle, i.e. SiO2
and Graphene. In terms of free-volume theory, the higher thermal expansion of films on Graphene
and SiO2 could be attributed to higher free volume compared to that of films on Au and Pt. Higher
free volume implies lower density indicated less tightly packed structure of films likely arising
from weaker inter-polymer and polymer-substrate interactions.
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On the other hand, the calculation of glass transition temperature showed large uncertainty on the
magnitude of some 60-70°C. For the thickest films measured, the glass transition temperature was
in the range between 120 – 150°C. There was a weak, decreasing trend in Tg for on graphene and
increasing trend in Tg for on Au and Pt as film thickness decreased. On SiO2, almost no change in
Tg was observed. On the basis of change in Tg, it could be suggested that there was strong
interaction of Nafion with Au and Pt, and weak interaction with graphene.
From the currently available results, new nanostructural morphologies were proposed for dry
Nafion film on hydrophilic surface and hydrophobic surface. These morphologies incorporated
features from the existing understanding of Nafion morphologies.
Recommendation for future work
The thesis has laid the foundation for study of thermal behaviour of other ionomer thin films.
Future work should focus on conducting experiments on surface-modified SiO2 with strongly
hydrophobic character, i.e. water contact angle >120°. Another interesting area of investigation
would be to study the kinetics of annealing over an extended time period. This would provide
insight into polymer dynamics. Another area for investigation would be to molecular origin of the
thermal behaviour. This could be probed for example by infrared spectroscopy. The influence of
molecular architecture on the thermal expansion properties would be another interesting area for
investigation. Lastly, further investigation into the cause of negative expansion of ultrathin (10nm)
Pt is warranted. An experimental technique that yields information about the free volume of this
film for variable temperatures would be helpful. The negative expansion may be attributed to a
very different nanostructure, which also implies that it has anisotropic optical behaviour (between
the in plane and out of plane directions). This investigation should also include further data fitting
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of Nafion film to anisotropic models. The study of a well-known anisotropic material thin film to
validate the anisotropic optical model for Nafion would be helpful in this investigation.
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APPENDIX A: COMPARISON OF DIELECTRIC FUNCTION MODELS FOR
NAFION ON DIFFERENT SUBSTRATES

Different dielectric modelling functions known as “layers” were described along with their
goodness of fit for the thickest film (700 nm) prepared with the current methods. Polymer thin
films are known to demonstrate thickness dependent properties. A study of goodness of fit of
different models based on those previously identified, for different film thicknesses would be
necessary prior to more detailed investigation.
Three different layers were used to fit thin films of three different thickness on SiO2: 10 nm, 150
nm and 380 nm. The fitting parameters were for a Cauchy layer with and without accounting for
absorption and a Gen-Osc layer with one Tauc-Lorentz oscillator (Table A.1). The resulting MSE,
thickness and α values were compared. It was found that while the MSE value was significantly
smaller for Gen-Osc layer than for Cauchy layer for 380 nm film thickness (8 vs 81). For the 10
nm film, the difference was not as significant (5 vs 8). This effect is attributed to light absorption
becoming more significant for as the film thickness increases. The difference in thickness value
was at most 4%. The Cauchy layer has the tendency to underestimate thickness when absorption
is not taken into account (assuming k = 0). The difference in α values were approximately 10%.
No clear trend in the difference was observed. There is a definite advantage in using the Gen-Osc
layer to model Nafion film for high thicknesses (>100nm) at the cost of more fitting parameters.
The selection of dielectric model for Nafion from the set described had no impact on the calculated
α values.
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Table A.1. A comparison of goodness of fit of different layers and thermal expansion
coefficients for Nafion films on SiO2.
Film thickness
10 nm

150 nm

380 nm

MSE
thickness at 25 °C (nm)
low α (10⁻⁶K⁻¹)
high α (10⁻⁶K⁻¹)
MSE
thickness at 25 °C (nm)
low α (10⁻⁶K⁻¹)
high α (10⁻⁶K⁻¹)
MSE
thickness at 25 °C (nm)
low α (10⁻⁶K⁻¹)
high α (10⁻⁶K⁻¹)

Cauchy: fitting A, B, C Cauchy: fitting A, B, C, k Gen-Osc: 1 Tauc-Lorentz oscillator
8
5
5
12.4
12.8
12.8
1172
1144
1015
1264
1352
1329
30
10
5
149
151.4
150.6
305
282
290
575
546
549
81
20
8
373.1
383.7
384.1
267
269
285
597
670
657

For other substrates, similar comparisons between different dielectric models were used because
it could not be assumed that the calculated α values are independent of the dielectric function
models.
For Nafion films on graphene, one additional optical model was used and it modeled the graphene
layer as a part of the underlying SiO2 layer (Table A.2). The fitting parameters for the Cauchy layer
was the same as those for the Cauchy layer with graphene below, assuming no absorption. Between
these two models, all parameters compared in table were very similar. The addition of the graphene
layer did not significantly reduce the MSE value. In some cases, the MSE value was increased as
a result of adding the graphene layer. The Cauchy layer with k fitted and Gen-Osc layer reduced
the MSE value by almost a factor of three for 150 nm and 380 nm thicknesses and a factor of two
for 10 nm thickness. For 25 nm thickness, the MSE value was the lowest for all models. In general,
although the MSE value was much lower for Cauchy with k fitted and Gen-Osc, the thickness and
α values varied by less than 10% in most cases. Similar to the Nafion films on SiO 2, the selection
of dielectric model for Nafion had no impact on the calculated α values.
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Table A.2. A comparison of goodness of fit of different layers and thermal expansion
coefficients for Nafion films on graphene.
Film
thickness
10 nm

25 nm

150 nm

380 nm

MSE
thickness at 25 °C (nm)
low α (10⁻⁶K⁻¹)
high α (10⁻⁶K⁻¹)
MSE
thickness at 25 °C (nm)
low α (10⁻⁶K⁻¹)
high α (10⁻⁶K⁻¹)
MSE
thickness at 25 °C (nm)
low α (10⁻⁶K⁻¹)
high α (10⁻⁶K⁻¹)
MSE
thickness at 25 °C (nm)
low α (10⁻⁶K⁻¹)
high α (10⁻⁶K⁻¹)

Cauchy: fitting A, B, Cauchy: fitting A, Cauchy: fitting A, Gen-Osc: 1 TaucC; no graphene layer B, C
B, C, k
Lorentz oscillator
16
15
8
5
15.3
15.5
16.1
16.2
828
848
847
689
1373
1399
1442
1426
9
10
7
5
23.8
23.5
24.2
24.5
700
700
670
690
1100
1100
1060
1070
34
34
10
7
155
154
157
157
313
319
286
288
811
775
776
758
44
47
14
11
378
366
381
383
256
252
245
235
752
752
761
773

For Nafion films on Au, there were high differences between models for films less than 50 nm in
thickness (Table A.3). In Cauchy layer with k fitted, the model fitting for 10 nm film showed that
the change in thickness was not smooth. As a result, the α values could not be determined. For the
25 nm film, the Cauchy layer with k fitted showed α values very different from the other models
(1100-1200 vs 300-400 x10⁻⁶K⁻¹). For other film thickness, the α values were in better agreement.
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Table A.3. A comparison of goodness of fit of different layers and thermal expansion
coefficients for Nafion films on Au.

For Nafion films on Pt, there were high differences between models for films less than 50 nm in
thickness (Table A.4). In some cases, the α values were anomalously high. In other cases, the α
values could not be determined due to non smooth change in thickness.
The inconsistency in the results obtained from different models for film on Au and Pt was similar
in that the differences arise for films thicknesses below 50 nm. Similar problems were not found
for films on SiO2 and graphene. It was suspected that these challenges arise from the higher
substrate surface roughness that is not taken into account by any of the current optical models.
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All results in subsequent sections used the Cauchy layer with no absorption to fit ellipsometry
data. For films on Au and Pt, data points below 25 nm film thickness were not analyzed due to
ongoing challenge with substrate roughness.
Table A.4. A comparison of goodness of fit of different layers and thermal expansion
coefficients for Nafion films on Pt.
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