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ABSTRACT  
 

This thesis aims to advance the understanding of the relationship between 

architectural attributes of thin films with nanoscale features and their behaviour 

as sensors and nanoelectrodes for energy storage. The primary 

characterisation techniques employed throughout this work are based on 

spectroscopic ellipsometry, covering a broad spectrum from ultraviolet to 

infrared. A particular focus is placed on ellipsometric porosimetry, a method 

that combines vapour sorption with in-situ ellipsometric measurements to 

explore nanopores (with diameters <100 nm). This includes innovative use of 

vacuum porosimetry setups - enabling measurements with multiple 

adsorptives tailored to different surface chemistries. 

The first part of the results sections (Chapters 4 -6) explores a wide range of 

materials, including polymers, sol-gel-derived oxides, and anodic alumina, with 

pore sizes spanning 0.7 nm to 80 nm. The chapters establish improved 

methodologies for the characterisation of these materials, thereby enhancing 

the understanding of ellipsometric porosimetry and its limitations. Chapter 6  

introduces new adsorptives, potentially extending the technique's reach into 

the macroporous regime (>50 nm). 

The second part of the results sections (Chapters 7 -8) shifts focus to the 

practical application of in-situ ellipsometry in designing nanomaterials for high-

performance sensors and electrochemical energy storage. Mesoporous thin 

films, fabricated using block copolymer co-assembly and sol-gel chemistry, are 

investigated for structural control. As practical example, transparent humidity 

sensors with rational pore design are fabricated this way. A key finding is the 

correlation between pore size and the linear relative humidity sensing range in 

resistive humidity sensors, providing insights for the development of broad-

spectrum devices. Finally, operando ellipsometry is introduced to track 

pseudocapacitive charge/discharge processes in a sol-gel derived Li-ion 

battery anode, with future work outlined in exploring templated, porous 

nanoelectrodes, complemented by ellipsometric porosimetry. 

Overall, this thesis highlights how precise structural characterisation can guide 

the design of functional materials tailored for their specific applications. 
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IMPACT STATEMENT   
 

Spectroscopic ellipsometry is a metrology tool of thickness and dielectric 

property determination of thin films (i.e. nanoscale feature sizes). Ellipsometry 

represents major advantages for industrial implementation over various 

complementary techniques (such as transmission electron microscopy, X-ray 

reflectometry, and X-ray photoelectron spectroscopy) in its safe, facile and 

non-destructive operation, requiring no ionising radiation sources, ultrahigh 

vacuum restrictions, toxic chemicals or extensive sample preparation.  

This thesis presents significant advancements in the in-situ and in-operando 

ellipsometric characterisation of nanoscale electrode and sensor materials, 

with broad implications beyond fundamental research, particularly in industries 

such as semiconductor manufacturing, energy storage, and sensor 

technology. 

In semiconductor manufacturing, spectroscopic ellipsometry and ellipsometric 

porosimetry are well-established, as they offer substantial benefits for the 

design and optimization of porous low-k oxide thin films, which are essential 

for integrated circuits. By enabling non-destructive, in-situ analysis of 

nanopores down to sub-10 nanometre scales, the methodology outlined in this 

thesis also provides extended knowledge about a powerful tool to assess and 

optimize novel materials beyond conventional low-k oxide films. This could 

contribute to the continued scaling of microelectronics and addressing the 

growing demand for faster, more energy-efficient devices. 

In the electrochemical energy storage sector, the use of ellipsometry to monitor 

and guide the nanostructuring of electrodes for batteries represents a 

perspective innovation. The elucidation of operando ellipsometry in this thesis 

offers a real-time optical method for tracking pseudocapacitive charge storage 

mechanisms in nanoelectrodes. This capability is critical for improving the 

performance and stability of energy storage devices, such as lithium-ion 

batteries and supercapacitors, which are essential for powering electric 

vehicles, renewable energy grids, and portable electronics. By unravelling a 

deeper understanding of electrochemical processes at the nanoscale, these 

techniques potentially allow for the tailored design of nanostructured 
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electrodes that offer higher capacity and longer lifespans, meeting the growing 

global demand for more efficient and reliable energy storage solutions. 

In relevance to the sensor industry, this thesis makes contributions to the 

design of nanostructured materials for high-performance sensors. The work 

demonstrates how over a simple system, precise control over pore size and 

porosity can radically enhance the sensitivity and range of sensors.  

The insights gained from this research into pore architecture can drive the 

development of new sensor technologies, improving accuracy, durability, and 

functionality across a wide range of applications. The example of rationally 

designed humidity sensors has applications in environmental monitoring, 

industrial automation, and healthcare, where reliable and responsive sensors 

are critical.  

Overall, the methodologies and findings presented in this thesis have the 

potential to accelerate innovation across several high-impact industries, 

bridging the gap between fundamental research and practical technological 

solutions. 
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1 BACKGROUND  

1.1 Nanotechnology & nano patterning  ï a brief introduction  

 

The realm of the nanoscale as we know today (1-100 nm = 10-9 - 10-7 m) 

represents the interface between the world of atoms (the size of a H2O 

molecule is approximately 3 Å = 3*10-10 m) governed by quantum theory, and 

the macroscopic world well-described by classical physics (e.g. all the way 

from width of a human hair  å 10-4 m to the diameter of the Sun å 109 m). Taking 

Michael Faradayôs pioneering lectures on colloidal gold and their peculiar 

optical properties as an example (1), we can recognise the significance of 

nanoscale surfaces in materials science. By the thought experiment of 

partitioning a 1 cm3 cube (Figure 1.1. and Table 1.1.) to finer and finer units, 

with each new pattern we introduce more surface. As we see, the surface area 

grows inversely with particle edge length, with eventually reaching 600 m2 (i.e. 

one-million-fold increase) corresponding to a mere 1 cm3 total (unchanged) 

solid matrix. Nanomaterials such as colloidal gold shows distinct 

physicochemical properties, which can also be tuned with their synthesis route 

(e.g. gold colloid sols have colours characteristic to the size of the particles). 

This inspiring concept of molecular-scale manipulation of matter was widely 

disseminated by Richard Feynman (2). Decades later, in the 1980s a renewed 

interest gave birth to the field of nanotechnology. The nanotechnology of today 

represents wayfinding towards the realisation of this goal, with ever increasing 

precision and structural tuneability. 

 

Figure 1.1. Schematic representation of the abundance of surfaces arising 

as a result of nanostructuring. 
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Table 1.1.  Particles and surfaces created from the theoretical micro-, and 

nanostructuring of a 1 cm3 cube. 

Number 
of 

particles  

Single 
particle  
volume  

Length of particle edge  Surface area  

1 10-6 m3  10-2 m = 1 cm 6 * 10-4 m2/cm3 

1012 10-18 m3  10-6 m = 1 µm 6 m2/cm3 

1018 10-24 m3  10-8 m = 10 nm 600 m2/cm3 

 

Accessing nanoscale patterns via fabrication routes working from top-down 

(i.e. a sculptor working towards their masterpiece) required deeper 

understanding of the physics of waves and quanta than what was known in 

Faradayôs era. It was one hundred years ago, when in his PhD work, Louis de 

Broglie proposed the revolutionary concept of electronôs particle-wave duality 

(3ï5). This was preceded by centuries of conflicting scientific viewpoints 

around the wave or particle nature of light (6ï9). Following the experimental 

confirmation of the dual nature of both light (photon and electromagnetic 

radiation) and subatomic particles (e.g. fermion and matter wave) (10, 11), 

science and technology accelerated at an unprecedented level. The interaction 

of waves with condensed state matter became the cornerstone of many further 

discoveries which gave birth to quantum mechanics and to inventions such as 

modern computing. Ultraviolet-visible light (UV-Vis) guided patterning 

(lithography) enabled the nanoscale top-down manipulation of matter and 

caused computer processing power to develop exponentially (known as 

Mooreôs law, formulated in 1965 (12)) over the last six decades, with technical 

node scaling now approaching 3 nm (i.e. shrinking 60-fold from the 180 nm 

standard in the year 2000). As depicted in Figure 1.2. (13), this was achieved 

over time by successfully reducing the wavelength of patterning light source 

from blue visible (Hg vapour lamp G-line) to deep UV (ArF excimer laser), and 

to extreme UV (laser-driven Sn plasma in vacuum).  
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Figure 1.2. Scaling of technical nodes in the semiconductor industry with 

lithographic developments. Reprinted with permission from reference (13). 

Copyright 2023, Elsevier. 

 

Nanoscale patterning building from bottom-up using molecular building blocks 

developed separately on the principles on colloid chemistry and soft matter 

physics following the concepts of Michael Faraday (1), Thomas Graham (14) 

and Pierre-Gilles de Gennes (15), among others.  Eventually, the concept of 

bottom-up synthesis was extended to other nanoscale building blocks 

including polymers, larger amphiphilic molecules (such as surfactants) and 

various inorganic and organic nanoparticles. By the dawn of 21st century, 

materials fabricated via colloidal templating route became influential in several 

fields (e.g. catalysis, bio-, and energy technology). Colloid-, block copolymer-, 

and surfactant-templated nanostructures can access characteristic pattern 

dimensions of 1000-100 nm, 100-5 nm and 5-2 nm respectively (16ï18), with 

newer developments of metal-organic frameworks and intrinsically porous 

polymers reaching below 2 nm (19). Overall, both top-down and bottom-up 

nanoscale engineering advances in material fabrication over the past decades 

provided access to a wide range of superior functional materials. 

Nanomaterials enabling high-precision sensing (20)  and batteries with high 

energy/power densities (21, 22) are at the forefront of research and 

development today, and are key to combatting global challenges in healthcare 

(23, 24) and renewable energy production/storage (25ï28).  
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1.1.1 Nanoporous materials  

 

Porous structures are a major interest in many engineering fields, with several 

materials being commodities for e.g. construction, aviation, or automobile. 

Following along with the general concept of incremental reduction in feature 

sizes, modern materials science can approach nanoscale porosity. For 

visualising this, Figure 1.3. depicts microscopic captures of nanoscale porosity 

in a zeolite; complemented with different porosity scales in other engineering 

materials. In general, nanoporous materials consist of a solid matrix (skeleton) 

filled with pores (voids), the sizes of which are in the range below 100 nm (in 

some rare cases pore sizes up to 1000 nm are referred to as nanopores (29)).  

 

Figure 1.3. Porosity across different length scales in various engineering 

materials. Scanning tunnelling microscope capture of an Al0.36Si0.64O2 zeolite 

(A). Reprinted with permission from reference (30). Copyright 2012, John 

Wiley and Sons. Scanning electron microscope capture of a Si-C-N based 

porous ceramic (B). Reproduced under Creative Commons licence, from 

reference (31). Copyright 2015, Elsevier. Scanning electron microscope 

capture of an aluminium foam (C). Reprinted with permission from reference 

(32). Copyright 2007, Elsevier. 

 

Despite obvious similarities, nanoporous structures are inherently different to 

macroscopic counterparts due to their specific surface area (SSA) being 

orders of magnitudes larger (as this property is inversely proportional to pore 

dimension), and can exceed 1000 m2/g. This large active surface present in a 

comparatively small matrix mass makes nanoporous materials perspective 

candidates for applications in catalysis (33), gas storage (34), electrochemical 

devices (35, 36), and sensors (37). As an overview, Figure 1.4. depicts some 

common nanoporous materials along the length scale of their porosity, and 

specific engineering applications (38). 

A B C
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Figure 1.4. A hierarchy of porous materials, with average pore size 

increasing from left to right. Conductors are shown in blue and insulators in 

yellow. Applications for porous materials with distribution of length scales are 

shown in green. Reprinted with permission from reference (38). Copyright 

2009, Springer Nature. 

 

1.1.1.1 Classification of nanoporous materials 

 

Following the 1985 definitions of International Union of Pure and Applied 

Chemistry (IUPAC) (39), nanopores are classified into three categories based 

on their size: micro- (<2 nm), meso- (between 2 and 50 nm) and macropores 

(>50 nm). Gas physisorption (adsorption and desorption) experiments are 

commonly used to distinguish between the different pore regimes, as depicted 

in Figure 1.5. (40). It is well established, that nanoporous materials exhibit 

vastly different behaviour during gas physisorption based on their porous 

structure. The general classification distinguishes Types I (a) and I (b) 

isotherms as characteristic of microporous structures. Meanwhile, Types II and 

III isotherms represent data from sorbents, which are macroporous or 

nonporous. Type IV (a), IV (b) and V isotherms all correspond to mesoporous 

materials, while Type VI isotherms are only observed during stepwise layer-by 

layer adsorption. In general, the shapes of specific sorption isotherms are 

direct consequence of the adsorbent solid materialôs pore geometry,  

pore size-, and distribution. This can be expressed in the form of an integral 

isotherm equation (41): 
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 ὔ ὖὖϳ ὔ ὶ ȟὖὖϳ • ὶ  Äὶ  Ȣ (1.1) 

Where Nexp is the experimentally observed isotherm (at constant temperature), 

which is a function of relative pressure (ὖὖϳ ) of the selected adsorptive (gas 

or vapour). In this case, this is expressed as an integral (sum) of the theoretical 

isotherms (Ns) corresponding to each pore radii (ὶ  ) that constitute the 

nanostructure, and the relative population of different size pores in the sorbent 

•. In principle this allows the determination of the pore radii distribution by 

gas/vapour adsorption experiments with dimension-appropriate models. 

 

Figure 1.5. Classification of gas physisorption isotherms. Idealised isotherms 

corresponding to micro- (I), meso- (IV-V), and macro-/nonporous materials 

(II-III). Stepwise sorption is represented in (VI). Arrows in the plots show ad- 

and desorption pathways (increasing and decreasing pressure). Reprinted 

with permission from reference (40). © 2015, IUPAC & De Gruyter. 
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To predict accurate ὔ  ὖὖϳ  functions for various  ὶ , we must closely 

examine the microscopic processes underlying sorption. As Figure 1.5. (40) 

shows, microporous adsorption occurs at very low relative pressures. The 

main driving force of such adsorption phenomena are specific forces between 

the pore walls and adsorptive molecules due to their close proximity. Thus, 

adsorption will not only depend on the nanoporous structure and fluid-fluid 

forces, but also on the specific forces between confined fluid molecules and 

pore walls, which are dependent on the relative position of the adsorptive 

molecule inside a singular pore. These can be modelled by Lennard-Jones 

interactions (42, 43), which serve as the basis of modern computational 

models; and are well-established for sorption of noble gases, N2, CH4 and CO2 

respectively (44ï48). Figure 1.6. (49) shows the calculated Lennard-Jones 

potential of CO2 molecules depending on their distance from each other. While 

the function has a clear minimum, for simulations we must also consider the 

Lennard-Jones interactions between pore walls and sorptive molecules, which 

is influenced by the sorbent material and pore geometry (50). Considering all 

this, the computational prediction of micropore filling can be rather complex, 

especially for larger, polar adsorptives or unconventional materials. 

 

Figure 1.6. Effective representation of the intermolecular interactions in bulk 

CO2 expressed with Lennard-Jones potential at 273K. Reproduced with 

permission from reference (49). Copyright 1999, The American Chemical 

Society. 
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Figure 1.7. Potential profile of CO2 in graphite with varied pore half width (w): 

The solid curves are the sorbateïpore interaction potentials. The numbers on 

curves are ratios of w over the kinetic diameter (Ɑ▓ Ȣ  ▪□) of CO2. 

Reproduced with permission from reference (50). Copyright 2004, Elsevier. 

 

As an example, we can observe in Figure 1.7. (50) the potential profile of CO2 

in slit pores of various pore size. At very small pore sizes the half width (ύ) is 

comparable to kinetic diameter of sorptive, thus the adsorption profile has a 

characteristic U-shape. This nanoscale confinement effect enhances of the 

negative potential in the centre of the pore, while a minimum potential can also 

develop near the pore walls. This wall effect is much more significant for 

smaller pores. We can observe that at sufficiently large pore sizes (ύȾ„ = 3.0, 

which corresponds to 2 nm pore width) the wall effect vanishes (as the gas 

molecule in the pore centre does not ófeelô the potential field of the opposing 

walls), thus the potential profile is mostly flat, resembling a liquid meniscus. 

The dimensional boundary between confinement and meniscus formation also 

forms the boundary between micro-, and mesopores. Since meniscus 

formation in nanocapillaries is also predicted by classical thermodynamics in 

the form of capillary condensation, this type of adsorption can be simply 

modelled based on the Young-Laplace equation relating to the vapour 

pressure increase (ɝὖ) of curved liquid-gas interfaces:   

 ɝὖ ‎
ρ

ὶ

ρ

ὶ
ȟ (1.2) 

where ‎ is the surface tension of the liquid, and r1, r2 correspond to meniscus 

radii. In simple spherical and cylindrical pore structures, geometric 

considerations show that ὶ ὶ ὶ  for spherical, while ὶ ὶ   and 

ὶ Њ  for the cylindrical case, respectively. As we can see, the equilibrium 
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vapour pressure at which capillary condensation/evaporation occurs in 

mesopores is directly dependent on the mean radius of the curvature (i.e., pore 

radius). By substituting the ideal gas law into equation (1.2) (and assuming 

spherical geometry in this example), mesopore size distributions can be 

calculated for Type IV adsorption isotherms using the thus acquired modified-

Kelvin-equation (40): 

 ÌÎ
ὖ

ὖ

ςὠ ‎zz ÃÏÓ—

2Ὕὶ   ὸ
ȟ (1.3) 

where ὠ  is the and molar volume of the liquid, RT is the ideal gas constant 

multiplied by absolute temperature, and  ὸ the thickness of the (pre)adsorbed 

multilayer film. —, the internal contact angle is usually assumed to be 0 to 

simplify calculation (see detailed discussion in Chapter 5). It is worth noting 

note that equation (1.3) is not general, since its form differs when addressing 

other (more complex) pore geometries such as ellipsoidal or cylindrical (51, 

52). Thus, an assumption of pore geometry is generally required to carry out 

pore size analyses from sorption data. Hysteresis loops (differences in 

adsorption and desorption isotherms) are inherently associated with capillary 

condensation/evaporation. As schematically explained in Figure 1.8. (51); in 

the shown example, the narrow bottlenecks of partially interconnected 

mesopores prevent pore emptying during desorption at partial pressures 

similar to those observed during adsorption capillary condensation. This pore 

blockage effect (i.e. pores have access to the external surface through narrow 

necks) allows the desorption isotherms to be used for pore neck diameter 

distribution calculations, analogously to pore radius distribution calculations 

(46, 53, 54). 

This type of analysis is limited in the case of larger pore sizes present in 

macroporous materials (this is elaborated in Chapter 6 ). In macropores 

capillary condensation/evaporation typically cannot be observed, and their 

pores are filled via unrestricted monolayer-multilayer adsorption up to high 

ὖὖϳ , as seen in Type II and Type III isotherms. 
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Figure 1.8. Schematic of adsorption-desorption hysteresis in bottleneck 

mesopores. Reproduced with permission from reference (51). Copyright 

2019, The American Chemical Society. 

 

The IUPAC classification of hysteresis loops is depicted in Figure 1.9. (40). 

Hysteresis loops are typically the result of -as elaborated above - pore blocking 

(Figure 1.9. - H1, H2 and H5), but can also arise from cavitation (Figure 1.9. 

- H2 in other cases), or aggregate micro-/mesoporous architectures (Figure 

1.9. - H3 and H4). Some materials can exhibit H1 type hysteresis despite the 

lack of interconnecting structures, like vertically aligned cylindrical pores (55). 

 

Figure 1.9. Classification of adsorption/desorption hysteresis loops observed 

in mesoporous sorption. Reprinted with permission from reference (40).  

© 2015, IUPAC & De Gruyter.  
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1.1.1.2 Top-down fabrication approaches 

 

Nanofabrication methods for porous materials can be classified into either top-

down or bottom-up approaches (56, 57). Top-down approaches for controlled 

nanostructure preparation are based on the removal of selected parts of a bulk 

solid. The most commonly used top-down nanofabrication route is optical 

lithography, recognised as industry standard for microelectronics 

manufacturing (58ï60). The limiting factor of the resolution of this technique 

relates to the Abbe diffraction limit (i.e. patterning scale is more refined with 

lower wavelengths of light). This limit of lithography can be even further 

extended by employing electron beams (i.e. matter waves) as patterning 

source (61). Nonetheless, both optical-, and electron-beam lithography suffer 

limitations in the fabrication of 3D continuous nanoporous networks, as their 

patterns are mainly 2D projections. For overcoming this limitation, óchemical 

approachesô present an alternative category of pathways towards 3D 

nanostructures, distinct from aforementioned óphysicalô methods (57).     

Chemical top-down fabrication have shown advantages in crafting complex 

nanostructures with comparatively lower cost (57). Figure 1.10. (57) depicts 

four main categories of chemical top-down nanofabrication methods, namely 

templated etching (A), selective dealloying (B), anisotropic dissolution (C), and 

thermal decomposition (D).  

 

Figure 1.10. Chemical routes to top-down nanofabrication: (A) templated 

etching, (B) selective dealloying, (C) anisotropic dissolution, and (D) thermal 

decomposition. Reprinted with permission from reference (57). Copyright 

2013, The Royal Society of Chemistry. 
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Templated etching relies on the selective removal of a sacrificial porous mask, 

such as porous anodic alumina on silicon wafer. In this case, etching of the 

template material for the pattern transfer enabled the fabrication of highly 

ordered, hexagonally packed nanopores in the 12-200 nm range without the 

need of lithographic steps (62).  

Selective dealloying is a method for nanoporous metal preparation from its 

alloy via the removal of the less noble metal component using electrochemical 

means. While nanoporous gold is the most prepared material using this 

technique (57), nanoporous palladium, platinum, silver and copper can also be 

fabricated (63). Anisotropic dissolution relies on sparingly soluble crystals, 

which undergo morphological change on their surface in contact with the 

solvent. This results in nanoscale features formed in a controlled manner. 

Calcite nanoshoot arrays (64)  and highly anisotropic silver nanocrystals (65) 

are two examples, which have been prepared via this method. Thermal 

decomposition is a facile, one-step method for the preparation of specific 

nanoporous materials via dissociation of chemical bonds in a precursor 

compound. This method has mostly been demonstrated for ionic materials, 

such as calcium-carbonate (66) and cadmium-oxide (67).  

Scanning electron microscopic (SEM) captures of nanoporous structures 

obtained from selective dealloying (68) and thermal decomposition (67) are 

shown as examples in Figure 1.11.A and Figure 1.11.B respectively. 

 

Figure 1.11. A) SEM image of nanoporous gold prepared by selective 

dissolution of silver from the Au-Ag alloy in nitric acid under free corrosion 

conditions. Reproduced with permission from reference (68). Copyright 2008, 

The American Physical Society. (B) Lateral and transverse cross-section 

SEM images of nanoporous network of cadmium oxide prepared through 

one-step thermal decomposition. Reproduced with permission from reference 

(67). Copyright 2007, The American Chemical Society. 
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1.1.1.3 Bottom-up fabrication approaches 

 

In contrast to top-down techniques, bottom-up approaches utilise molecular 

components as building blocks to create complex nanoscale assemblies (69). 

In this case therefore, the length scale of the obtained nanostructures is 

directly controlled by the dimensions of the building blocks. Block copolymer 

(BCP)-based self-assembly and co-assembly are two of the most common 

bottom-up fabrication routes towards ordered nanoporous architectures. 

BCPs are macromolecular amphiphiles with chemically different homopolymer 

blocks linked covalently. Due to the thermodynamically unfavourable nature of 

mixing amphiphilic blocks, in specific conditions BCP melts can self-assemble 

into various microstructures via microphase-separation. As their macroscopic 

analogy, we can consider the thermodynamics of mixing two homopolymers 

with distinct chemistry. The Flory solution theory (70) describes the phase 

separation behaviour and can be expressed in the form of equation (1.4) 

 
ῳὋ

ὯὝ
… ὪὪ

Ὢ

ὔ
ÌÎὪ

Ὢ

ὔ
ÌÎὪ ȟ (1.4) 

where ῳὋ  is the Gibbs-free energy of mixing of polymer blends, Ὧ  is the 

Boltzmann-coefficient, …  is the Flory interaction parameter, Ὢ and Ὢ are the 

volume fractions of the polymers, and N is the degree of polymerisation. 

Generally, both theoretical considerations and experiments show that positive 

ῳὋ  values (i.e. increasing Gibbs-free energy, which is unfavoured according 

the second law of thermodynamics) lead to the macrophase separation of 

homopolymers (71). ῳὋ  is made up of both entropic-, and enthalpic 

contributions. According to the Flory theory, its value is determined by the 

interplay of minimising both polymer chain stretching (entropy) and interfacial 

area (enthalpy). The enthalpy of the interfacial region is proportional to the 

interfacial tension and the area of the interface. For a system of two immiscible 

polymers (high-… ), enthalpy aims to minimise interfacial area, which can be 

the driving force of phase separation. In the case of stretched polymer chains 

near the interface, the additional configurational entropy loss due to stretching 

competes with the reduction in interfacial energy. This balance plays a key role 

in predicting the morphology of the polymer blend and the stability of the 

phases. 
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In contrast to blends of óindependentô homopolymers, the covalent bonds 

connecting the chemically distinct moieties of BCPs enable them to 

entropically avoid macroscopic phase separation at ῳὋ π conditions. 

Instead, they form microstructures consisting of self-assembled blocks 

typically in the 5-100 nm range (microphase separation). Common 

microstructures that can form during BCP self-assembly for a constant ὔ, …  

and with increasing  are shown in Figure 1.12.A (72).  

Figure 1.12.B (73) depicts self-assembled BCPs, which can be utilized for the 

fabrication of nanoporous thin films based on the selective removal of one of 

the blocks (73). By tuning the parameters (ὔ, …  and ) of the sacrificial 

polymer, materials can be fabricated with various nanoporous architectures, 

such as cylindrical (74), spherical (75) and gyroid (76, 77). 

 

Figure 1.12. (A) Different phases formed by self-assembly of diblock 

copolymers in the bulk as a function of the volume fraction of one of the 

blocks (äA). Reproduced with permission from reference. (72) Copyright 

2010, Elsevier. (B) Example of porous of nanomaterial fabrication based on 

BCP self-assembly and selective etching. Reproduced with permission from 

reference (73). Copyright 2010, The American Chemical Society. 
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Contrary to the thermodynamically controlled route described above, the self-

assembly of kinetically controlled structures can be achieved when processing 

BCPs in solutions. Due to the amphiphilic nature of the macromolecules, 

solvents with affinity towards one of the blocks enable micelle formation (78). 

This phenomenon occurs above a threshold called the critical micelle 

concentration. Micelles (which contain the insoluble block in their core) behave 

as nanoparticles dispersed in solution and follow the rules of colloidal stability 

(79). The Hildebrand solubility parameters (‏) can easily predict the behaviour 

of all specific block-block, and block-solvent combinations, as values of ‏ can 

be obtained from simple measurements or reference books (80ï82): 

 …  ͯ 
‏ ‏

2Ὕ
Ȣ (1.5) 

3D, highly interconnected porous inorganic thin films can thus be synthesised 

from hybrid mixtures containing both block copolymer micelles as structure 

directing agents (SDAs) and structural inorganic materials. This approach is 

also called persistent micelle templating (PMT) (83ï85). With correct solvent 

selection ï as per equation (1.5) - the inorganic precursor selectively arranges 

to the polymer blocks composing the outer part of the micelles. After 

evaporating the solvent (e.g., via spin-, or dip coating), an organic-inorganic 

hybrid is formed which can be easily transformed into inorganic nanoporous 

structures via the selective removal of the organic SDA (with calcination, 

etching, or dissolution). Poly(ethylene oxide)-block-poly(propylene oxide)-

block-poly(ethylene oxide) (PEO-b-PPO-b-PEO) is the most used BCP for co-

assembly, with the prepared inorganic material óSBA-15ô (or óP123 templated 

silicaô) (86, 87) nowadays being widespread in industrial applications. More 

recent works have, however demonstrated the preparation of mesoporous 

materials containing larger mesopores (>10 nm) with diblock high-ɢ (highly 

amphiphilic) BCP SDAs, such as poly(isobutylene)-block-poly(ethylene oxide) 

(PIB-b-PEO) (88), poly(butylene)-block-poly(ethylene oxide) (PB-b-PEO) (89), 

poly(isoprene)-block-poly(ethylene oxide)  (PI-b-PEO) (90) or poly(hexyl 

acrylate)-block-poly(ethylene oxide) (PHA-b-PEO) (85). 

Figure 1.13.A (91) depicts an example organic-inorganic hybrid nanostructure 

prepared via the PMT approach, with Figure 1.13.B (92) elucidating the 

arrangement of solvophilic and solvophobic blocks in the formed micelles. 
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Figure 1.13.C (85) showcases the background of PMT design, based on 

block-, and solvent selection according to their Hildebrand solubility 

parameters. The PMT approach enables the independent tuning of porosity 

and pore size by modifying the SDA/inorganic ratio and SDA molecular weight, 

respectively. As shown schematically in Figure 1.13.D (85), manipulating 

inorganic content influences ówall thicknessô, but not the size of micelle core. 

Recent developments have enabled even finer control over pore structure with 

BCP fractionation (93) and homopolymer swelling methods (94).   

 

Figure 1.13. Schematic of BCP co-assembly for porous inorganic thin film 

fabrication. The micellar packing of the BCP in solution, mixed with inorganic 

nanoparticles (A). Reprinted with permission from reference (91). Copyright 

2013, The American Chemical Society. Radial distribution function of 

amphiphilic blocks in the spherical micelle model (B). Reprinted and adapted 

with permission from reference (92). Copyright 2017, Springer Nature. Plots 

of Hildebrand solubility parameters for designing persistent micelle templates 

(C) and resulting structure schematics with varied inorganic content (D). 

Reprinted with permission from reference (85). Copyright 2016, The 

American Chemical Society 

BA
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1.1.2 Nanostructured functional materials  

 

Thin films (<10 ɛm, typically ranging between 10-1000 nm thickness) are a 

unique class of nanomaterials characterised by their ability to be deposited on 

macroscopic lateral (X-Y dimension) dimension while retaining homogenous 

nanoscale depth (Z dimension). A practical example is the metallic film coated 

on glass for mirrors or coloured lenses. Generally, thin films offer precise 

control over material properties, such as electrical, optical, sensing and energy 

storage characteristics through tuned thickness, composition, and (in some 

cases) periodic nanostructuring (95). 

1.1.2.1 Gas and vapour sensing 

 

Thin films are particularly attractive for gas/vapour sensing purposes, as their 

nanoscale thickness enhances their  response  to changes in the analyte (96). 

In terms of gas sensors, nanoporous materials have garnered extensive 

interest due to their enhanced sensing signal which is the result of their 

increased specific surface (97). 

Relative humidity sensors are the simplest subset of gas sensors regarding 

their operation principle. In the last 25 years, mesoporous materials, enabled 

the development of wide-range, high-performance resistive and capacitive 

humidity sensors (98ï107). The improvement in sensitivity of mesoporous 

materials compared to their nonporous counterparts (108) is related to the fact 

that mesoporous materials can adsorb atmospheric humidity at levels well 

below saturation (relative humidity corresponds to ὖȾὖ  as discussed in 

section 1.1.1.1.), changing the electrical properties of the sensing layer (see 

Figure 1.14. schematic). The sensing mechanism typically follows four 

consecutive steps with increasing relative humidity, which depend on pore size 

and surface functionalisation: micropore filling, monolayer formation, 

multilayer adsorption, and finally capillary condensation. Additionally, high 

accessible porosity and large surface area facilitate the protonic conduction of 

water referred to as Grotthuss mechanism (109).  

Based on the principles discussed above, a broad range of materials can be 

applied for sensing other gases and vapours with the careful design of porous 

architecture, surface chemistry, and transduction mechanism (as shown 

schematically in Figure 1.15.). 
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Figure 1.14. (A) Schematic representation of a resistive humidity sensor 

consisting of mesoporous matrix (grey) deposited on interdigitated electrodes 

(yellow). (B) Illustration of the different steps of the sensing mechanism; dry 

mesopores (B1), monolayer adsorption of water (B2), multilayer adsorption 

(B3) and capillary condensation (B4). 
 

Certain metal oxide thin films for instance offer highly sensitive (<10-1000 parts 

per million), resistive detection of H2 (110ï112). Other devices operate on 

alternative mechanisms for signal read-out. Besides the conventional 

capacitive and resistive detection (change in electrical properties) or change 

in optical properties; microgravimetric principles have also been developed for 

increased sensitivity of other gases (up to parts per billion) (97, 113, 114). 

As we further reduce nanoscale dimensions, microporous materials, such as 

graphene (115) and metal-organic frameworks (116) are especially attractive 

candidates for sensing smaller molecules owing their very high surface area.  

 

Figure 1.15. Schematic of porous sensors operating on capacitive, resistive, 

optical, and gravimetric basis. Reprinted and adapted with permission from 

reference (97). Copyright 2013, The Royal Society of Chemistry. 

A B1 B2 B3 B4
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1.1.2.2 Biomolecule sensing 

 

Biomolecule detection is crucial for pathogen identification and disease 

diagnosis but often faces challenges such as lengthy processing times, high 

costs, and the need for complex equipment and expert personnel, limiting its 

use in point-of-care and resource-limited settings. Recently, the COVID-19 

pandemic underscored its importance in managing disease spread by 

identifying infected individuals. For the specific example of deoxyribonucleic 

acid (DNA) detection, polymerase chain reaction is the gold standard detection 

methodology (117, 118), but its widespread adoption is hindered by time-

consuming procedures (119, 120), the need for skilled operators, high material 

costs, and a lack of portable equipment. 

Nanoporous biosensors on the other hand use such biomolecules for rapid 

(and selective) detection of a specific analyte (121, 122). Contrary to the micro-

/mesoporous materials employed for sensing small molecules (i.e. gases) 

discussed in Section 1.1.2.1, porous biosensors usually make use of larger 

meso-/macropores for the detection of biological species.  

Thus, macroporous structures of etched silicon (123, 124) and anodised 

alumina (125) have shown good potential for biosensor platform candidates 

based on the mechanism of pore blocking (126). It is worth noting, that besides 

pore structure, the functionalisation of the pore surface also greatly affects the 

operation of sensors, thus requiring careful consideration of synthesis routes 

(127, 128). In this sense, BCP-based co-assembly of inorganic structures offer 

an alternative route, with high customisability for tuning the pore structural 

parameters (pore size, interconnections, porosity, and specific surface area), 

and surface chemistry (129). 

These sensors typically undergo changes in their electrochemical properties 

(measured by alternating current with a potentiostat) upon selective binding of 

the biomolecule (such as DNA) to their functionalised inner nanopore surface. 

A porous alumina based DNA sensor is depicted in Figure 1.16. (126), 

selectively functionalised with a single stranded DNA for selective and 

sensitive detection of the selected analyte. 

 

 

 



 
34 

 

 

Figure 1.16. (A) Schematic representation of the working principle for a 

porous alumina-based DNA detection system using an electrochemical 

detector. (B) SEM image of the porous alumina membrane. Reproduced and 

adapted with permission from reference (126). Copyright 2010, The 

American Chemical Society. 
  

Another biosensing approach (shown in Figure 1.17.) utilizes quartz crystal 

microbalance (QCM) for the precise detection of extracellular vesicles (in the 

50-150 nm size range) in a macroporous silica sensing layer (130).  QCM-

based sensors can detect very small mass changes (in the scale of 

nanograms), but their operation is more complex, and experimentally 

strenuous compared to electrochemical sensors. These examples highlight the 

importance of rational engineering of pore structures for the precise detection 

of various analytes. 
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Figure 1.17. (A) Schematic representation of immunosensor fabrication atop 

macroporous silica coated sensors (B) SEM capture of the porous 

architecture. Reproduced and adapted with permission from reference (130). 

Copyright 2022, The American Chemical Society. 

 

1.1.2.3 Electrochemical energy storage at the nanoscale 

 

Electrochemical energy-storage (EES) devices are essential for powering 

portable electronic devices ranging from miniature sensors to electric cars and 

hydrogen (fuel cell)-powered trains. While rechargable batteries encompass 

the largest share of EES related research and commercialised solutions, fuel 

cells and supercapacitors have also started to garner major interest to replace 

batteries or capacitors in specific applications (131). Batteries are capable of 

storing large amount of energy (expressed in specific energy: ~200-600 Wh 

kg-1 (132, 133)) through diffusion-limited reactions (such as faradaic reactions 

and lithium intercalation in their cathode/anode). The major limitation of many 

commercialised batteries is slower charging, which is the consequence of their 

relatively low specific power (highly dependent on electrode configuration, as 

this can typically range between ~100-3000 W kg-1) (132, 134). An overview 

graph of this relationship is shown in Figure 1.18. (133). 
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Figure 1.18. Specific power and energy values for different rechargeable 

batteries and supercapacitors, with arrows indicating the trends of research 

towards the desired system. Dashed lines represent zones corresponding to 

the timescales of charging/discharging. Reprinted with permission from 

reference (133). Copyright 2020, Springer Nature. 

 

While bulk cathode/anode materials in the form of micrometre-sized powders 

are widespread commercially,  the nanostructuring of active electrode 

materials has been shown to significantly increase performance of lithium-ion 

batteries due to the kinetic-controlled nature of Li+ diffusion. This can be 

observed especially with high C-rate (C corresponds to discharge current A 

divided my nominally rated capacity Ah) charge/discharge. High C-rate 

operation generally decreases battery capacity, however finer nanoparticle 

electrodes (e.g. Li4Ti5O12 of 3-5 nm size, shown in Figure 1.19.) (135) 

generally show significantly milder decrease (135) as opposed to the drastic 

decrease to nearly zero capacity of microscale/bulk counterparts (135, 136). 

As such nanoscale engineering tools could play a key role in the design of 

next-generation batteries for ultrafast storage. 



 
37 

 

 

Figure 1.19. Size dependent Li+ diffusion into electrode materials (a). 

Gravimetric capacity of Li4Ti5O12 nanoparticle electrodes at various C-rates 

(b). Reprinted with permission from reference (135). Copyright 2022, Springer 

Nature. 

 

Supercapacitors are electrochemical energy storage devices, with specific 

energies higher than traditional capacitors (although lower than that of 

batteries) and higher power densities than batteries (137, 138). This allows 

rapid charge/discharge cycles in seconds. Advancements in optimizing 

performance could enable the replacement of slow-charging batteries in 

specific applications in next decades, therefore supercapacitors are in the 

focus of a blooming interest. Supercapacitors are classified into two 

categories, based on their energy storage mechanism. Electrochemical 

double-layer capacitors (EDLCs) accumulate charged species on their 

electrode surface. On the other hand, pseudocapacitors operate on faradaic 

redox reactions with charge-transfer. Figure 1.20. depicts schematics the two 

subsets of supercapacitor and their storage mechanisms (35). EDLCs require 

high surface area conductive electrodes for high capacitance. For this reason, 

porous carbons have been the most widely used and researched EDLC 

electrodes (139ï141). An in-depth study found influence of pore size 

distribution on performance larger than that of specific surface area (142), 

indicating the importance of complex porous architecture design. 

 

 

A B
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Figure 1.20. Schematic illustrations of electrochemical double-layer capacitor 

(a) and a pseudocapacitor (b) comprising porous materials. Reprinted with 

permission from reference (35). Copyright 2016, Springer Nature. 
 

As a category of EES devices distinct from supercapacitors, pseudocapacitors 

most often utilise semiconductive metal-oxide electrodes as opposed to highly 

conductive carbon. The first examples explored RuO2 electrodes which 

undergo reversible surface redox reactions similar to batteries (143ï145). 

More recently, TiO2 (146, 147) and Nb2O5 (148ï150) electrodes have been 

extensively researched due to their lower cost, and Li+ intercalation ability 

which enables pseudocapacitance based on a new mechanism, as depicted 

schematically on Figure 1.21. (149). Meso- (146, 147) and macroporous (149, 

150) architectures of said materials have been in the focus of research to 

improve the performance of pseudocapacitors. Recent works showed that the 

unique intercalation pseudocapacitance of nanoporous  Nb2O5 undergoes a 

shift from surface limited to diffusion limited mechanism at a certain cycling 

rate, which is highly dependent on the nanoscale architecture (149). Electrode 

thickness, pore size and pore wall thickness all influence the underlying 

diffusive processes (151), making finding the limiting step especially difficult. 

In addition, the underlying phenomenon explaining the shift from surface to 

diffusion limitation is still a matter of debate among researchers (151). 

 

A B
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Figure 1.21. Schematic of the nanoscale charging/discharging process in 

porous Nb2O5 pseudocapacitors (A). SEM top-view capture of the porous 

structure (B). The three steps of the energy storage mechanism are: lithium 

intercalation into the wall thickness, ion transport through the electrolyte, and 

electron transport through the electrode. Reprinted with permission from 

reference (149). Copyright 2021, John Wiley and Sons. Capacity retention of 

a porous Nb2O5 pseudocapacitor after 250 thousand cycles (C). Reprinted 

under Creative Commons licence from reference (152). Copyright 2024, John 

Wiley and Sons. 
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1.2 Optical phenomena of condensed matter and thin films  

1.2.1 Absorption and reflection in bulk and thin films  

 

To understand the optical behaviour of nanoscale matter, we first consider the 

interaction of light with bulk condensed matter. In this case the Maxwell 

equations (153) can be simplified to obtain the wave equation for a plane wave 

of light, expressed as the spatial variation (ᶯ  operator) of electric field Ἇ 

propagating in a non-magnetic, energy-absorbing medium (154): 

 ᶯἏ  ‘‐ ‐
‬Ἇ

‬ὸ
Ὥ‐‫

‬Ἇ

‬ὸ
ȟ (1.6) 

  ‘‐  ὧ Ȣ (1.7) 

Where ‘  and ‐ are respectively the magnetic permeability and electric 

permittivity of vacuum. The angular frequency of the plane wave is denoted as 

while ὧ represents the speed of light. The herein introduced ‐ and ‐ are ,‫ 

the real and imaginary components constituting the so-called complex relative 

permittivity (‐ǿ ‐ Ὥ‐) of the medium. Thereafter, optical behaviour of bulk 

materials (such as dielectrics) is described by their permittivity or complex 

dielectric function, i.e. their response to an alternating electric field. Finding the 

solution for the wave equation by considering a single plane wave within an 

isotropic medium, we obtain the plane vector in the usual exponential form: 

 Ἇὸȟὶ Ἇ Ὡ   ẗ Ὡ   ẗ Ὡ Ȣ (1.8) 

Herein the first exponential factor describes a wave traveling with phase 

velocity ὧȾὲ, setting out the refractive index parameter (n), while the second 

exponential factor relates to the attenuation of wave amplitude with distance 

(k, extinction coefficient). The relationship between complex dielectric function 

(or complex relative permittivity) and complex refractive index is as follows 

(given in optics convention): 

 ὲ ὲ ὭὯЍ‐ǿ ȟ (1.9) 

 ‐ ὲ Ὧȟ (1.10) 

 ‐ ςὲὯ Ȣ (1.11) 

As we will see, the real and imaginary components of dielectric function and 

refractive index are highly dependent on the frequency of the electric field (.(‫ 
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This frequency-dependent response can be explained by the materialsô 

specific free or bound electronic transitions (accompanying photon absorption) 

and phonon (lattice vibration) structure, and their respective interactions with 

photons. The angular frequency of the electric field (light) is proportional to the 

energy of photons (denoted with ǩɤ, and typically expressed in eV units, where 

ǩ is the reduced Planck constant), and to the wavenumber ’, while being 

inversely proportional to wavelength ‗; as respectively shown in equations 

(1.12) and (1.13) (154): 

 ’
‫

ς“ὧ
 ȟ (1.12) 

 ‗ ς“
ὧ

‫
 Ȣ (1.13) 

To describe the optical behaviour of various condensed matter, reflectivity 

spectra serve as tool to compare experimental observations and theory 

regarding the electronic structure of dielectrics and metals. In the simplest 

example, the reflectivity (R) of bulk solids (at normal incidence) can be 

predicted as: 

 Ὑ  
ὲ ρ Ὧ

ὲ ρ Ὧ
 Ȣ (1.14) 

For our initial examination, silicon (Si), a highly significant semiconductor 

material in modern technology, is introduced. Silicon possesses a band gap of 

approximately 1.1 eV, and below this threshold, it remains mostly transparent 

(referred to as Region I in Figure 1.22.), with only weak absorption 

mechanisms present. These absorption processes are predominantly 

attributed to free carrier absorption with significant phonon-induced lattice 

vibrations, which occur primarily in the infrared (IR) region (0.05 eV <ǩɤ <1.24 

eV or 400 cm-1<’<10000 cm-1), although this is not fully depicted in Figure 

1.22. In Region II, in the visible light region, the reflectance of silicon increases 

significantly, with simultaneously stronger absorption mechanisms taking 

place as photons possess enough energy to excite electrons across the band 

gap. Reflectivity of silicon begins to rise sharply at around 3 eV, which falls 

within the violet portion of the visible spectrum, corresponding to ɤ = 4.5 x 10ĭ  

Hz. In the ultraviolet and deep ultraviolet (DUV) light regions, silicon becomes 

highly absorptive. In this range photons have sufficient energy to excite 
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electrons well into the conduction band. The increased reflectivity in this region 

indicates that k is significantly elevated, which also causes light that is not 

reflected to be strongly absorbed by the material, preventing it from penetrating 

deeply into the silicon lattice. Moving into Region III (which is not shown in 

Figure 1.22.), siliconôs electrons behave as if they were free electrons because 

the photon energy in this region far exceeds the binding energy of the 

electrons. As a result, the n begins to approach zero as the photon energies 

shift into the vacuum UV range (154). 

 

Figure 1.22. The spectral reflectance (at normal incidence) and spectral 

dependence of n and k of Si.  

 

The optical behaviour of metals bears similarities to that of semiconductors in 

Region III, albeit this region is shifted to the visible and IR ranges since their 

electrons are not bound tightly (154). As illustrated in Figure 1.23. for silver, a 

near-ideal free-electron metal demonstrates approximately 100% reflectivity 
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below a specific photon energy threshold, which corresponds to the metalôs 

plasma frequency (ɤp). Beyond the plasma frequency (the boundary between 

Regions III and IV), metals become absorbing, and their reflectivity diminishes 

as the frequency (and photon energy) increase. At the plasma frequency, both 

n and k approach zero, meaning that the metal behaves somewhat transparent 

to light of this energy. The plasma frequency of metals is determined by their 

electron configuration and typically falls within the UV spectral region, 

corresponding to ɤ > 10ĭ  Hz (154). In some transition metals however, the 

plasma frequency can shift into the visible region. For instance, gold exhibits 

its distinctive colour due to a lower reflectance of light with ǩɤp > 2.3 eV, an 

effect resulting from relativistic interactions that reduce the energy gap 

between its 6s and 5d orbitals (155). 

 

Figure 1.23. The spectral reflectance (at normal incidence) and spectral 

dependence of n and k of Ag (silver). 
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Unlike metals and low-bandgap semiconductors such as Si, insulators are 

transparent in the entire visible region. Silica (SiO2) for example exhibits 

particularly low reflectivity (<5%) due its low n, which is shown in Figure 1.24. 

Wide-band gap semiconductors (156) such as TiO2, SnO2, GaN and SiC are 

also transparent in much of the visible spectrum. Nonetheless, the n values 

corresponding to all these materials are still slightly dependent on the 

frequency (and thus, photon energy) of the incident light, as explained by the 

phenomenon of optical dispersion. 

 

Figure 1.24. The spectral dependence of n and k of SiO2. 

 

In the case of thin film materials - comprising <10 ɛm mono/multilayers on a 

solid substrate ï optical properties will depend not only on the respective 

complex refractive indices, but also on layer thicknesses. This is due to the 

phenomenon of thin film interference. For a simplified case, we can consider 

three media separated by parallel planes in an ambient/film/substrate structure 

(see Figure 1.25.), disregarding backside reflection (which is appropriate if the 

substrate is sufficiently thick and/or opaque). As the incident light (at angle —) 

penetrates the film it undergoes refraction — . The wave is partially reflected 

from the thin film-substrate (B-C) interface, with the next reflection occurring at 

the ambient-film interface (A-B), etc. The resultant total reflected wave from 

the medium will then be ideally formed from the interference of infinite series 

of partial waves, and mathematically described by a geometric series.  
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Figure 1.25. Schematic diagram of thin film interference. Reprinted with 

permission from reference (157). Copyright 2008, IOP publishing. 

 

As we consider light as transverse wave, reflectance is generally expressed 

separately for the respective s-, or p-polarised components (respectively, 

perpendicular and parallel to the plan of incidence, see Figure 1.26.). This can 

be justified by the fact that any polarization state can be resolved into a 

combination of two orthogonal linear polarizations, including unpolarised light 

 Ὑȟ  
ὶ
ȟ
ὶ
ȟ
Ὡ

ρ ὶ
ȟ
ὶ
ȟ
Ὡ

 ȟ (1.15) 

where ὶ  and ὶ  are Fresnel-coefficients of A-B interface, corresponding to 

s-, or p-polarised components of the incident light as given below. These 

coefficients depend on the refractive indices of the two media constituting the 

interface, and on the cosine of the angle of incidence. Since these ratios are 

complex, they not only describe the relative amplitude changes but also phase 

shifts after reflection 
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Where —, the refracted angle can be calculated according to Snellôs law: 

 ὲÓÉÎ— ὲÓÉÎ— Ȣ (1.18) 
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Figure 1.26. An incident light of any polarisation can be resolved in p- and s- 

orthogonal polarization components, with the polarisation state changing 

after reflection. Reprinted with permission from reference (158). Copyright 

2011, Woodhead Publishing (Elsevier). 

 

As seen, the reflectivity of thin films is highly dependent on the incidence angle, 

the layer thickness, and refractive index values, while it also relates to the 

polarization state of incident light (at non-normal incidence angles).  

For most cases of thin film optics, a transparent layer on a reflective substrate 

is measured. As an example, we show the reflectance behaviour of SiO2 on Si 

structure, with varying SiO2 thickness.  It is clearly observable in Figure 1.27., 

10 nm SiO2 layer has no noticeable effect on the reflectance spectra of Si. With 

further increasing the thickness of the transparent layer (above 100 nm SiO2), 

interference peaks appear, which get increasingly more populated. 
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Figure 1.27. The spectral reflectance (at 45 ° incidence) of SiO2 coated Si 

with various layer thicknesses. 
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1.2.2 The limits of Bragg -diffraction and effective medi um theorems  

for nanostructured matter  

 

Following our interest in nanoporous materials, we must inspect the optical 

aspects of such nanostructuring. We first consider 3D periodic (highly ordered) 

nanoporous thin films. 3D periodic porous structures have been shown to 

exhibit a wide range of intriguing optical phenomena. The schematic in Figure 

1.28. (159) shows a multilayered thin film structure with distinct macro-

/mesoporous constituents. In the case of macroporous materials with pore size 

in the hundreds of nanometres, a class of materials called 3D photonic crystals 

have been developed. Photonic crystals can scatter visible light of certain 

wavelengths, analogously to the diffraction of electrons by nuclei in a crystal 

lattice, described by Braggôs law: 

 ά‗ ςὨ  ÓÉÎ—  ȟ (1.19) 

where is m is the diffraction order ( ρȟςȟσȣ), Ὠ  periodicity of the 

(photonic) crystal, and —  is the glancing angle. Note, that the 

convention of —  is different than incidence angle — introduced in the 

previous chapter. 

 

 

Figure 1.28. Schematic of macro-, and mesoporous TiO2 thin films as 3D 

photonic crystals and effective media respectively. Magnifying glass shows 

scanning electron micrograph of the interface of the distinct thin films. 

Reproduced and adapted with permission from reference (159). Copyright 

2010, The American Chemical Society. 

 



 
49 

 

For the diffraction of electrons waves (with de Broglie wavelengths (3ï5) of < 

1 nm), periodicity between nuclei can satisfy Braggôs law. In the case of 3D 

photonic crystals, the periodicity between high and low n regions (solid matrix 

and air) is comparable to the wavelength of visible light, allowing tuneable 

reflection pattern (and a peculiar property called photonic band gap) to obtain 

various structural colours (157). Furthermore these structures are useful to 

trap photons in specific solar cells, increasing efficiency (159). 

As we move into the nanoporous regime of porous materials (<100 nm), similar 

3D periodic structures are more accurately described as composites of two or 

more separate phases (regions), retaining their own dielectric behaviour. As 

most of these periodicities are sufficiently small (which is especially the case 

for the commonly studied smaller meso-, or macroporous structures) relative 

to the wavelength of visible light (<0.1‗), they satisfy the long-wavelength limit 

or quasi-static approximation (160, 161). Thus, their optical response can be 

considered to resemble that of a homogeneous material the dielectric function 

of which lie somewhere between those of the phases constituting it. This 

principle is called the effective medium approximation (EMA). The Lorentz-

Lorenz EMA (1.20) is typically employed for dilute (host-dominated) mixtures, 

in which interactions are negligible. On the other hand, the Bruggeman EMA 

(1.21) is preferred for a medium consisting of two components with 

comparable volume fractions of both components (162ï164) 
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Where  ὲ  is the effective complex refractive index, and ὲï ὲrepresent the 

refractive indices of A - B components with respective volume fractions Ὢ ï Ὢ. 

In both cases the sum of volume fractions should be unity: 

 Ὢ Ὢ ρ Ȣ (1.22) 
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Figure 1.29. Transmission spectra of hybrid silica-titania antireflective 

coatings comprising ~40 nm pores on glass. Inset shows schematic of 

destructive light interference as the principle behind antireflective coatings 

(A). Reproduced and adapted with permission from reference (91). Copyright 

2013, The American Chemical Society. Transmission and reflectance spectra 

measured from both sides of a 10 ɛm thick titania inverse opal film 

comprising ~450 nm pores on glass substrate (B). Reproduced and adapted 

with permission from reference (165). Copyright 2011, John Wiley and Sons. 

 

According to the principle of EMAs, the ὲ   of a thin film can be precisely 

controlled by adjusting its porosity (void fraction). In some cases, mesoporous 

oxides can achieve ὲ  values well below 1.20, which is significantly lower 

than the n of any bulk solid. This ultra-low ὲ  is particularly advantageous for 

antireflective coating (ARC) applications, as it promotes destructive 

interference of reflected light, thereby simultaneously reducing reflection and 

increasing transmission (166). We can thus conclude that the optical properties 

of porous structures, are not solely dependent on the materialôs matrix, and its 

electronic properties; but are also strongly influenced by the size, and 

arrangement of pores. These architectural parameters play a crucial role in 

determining optical behaviour, enabling fine-tuned functionality for different 

applications. For example, as illustrated in Figure 1.29. porous titania films 

can be designed for use as ARCs (91) or Bragg diffractors (165), highlighting 

the versatility of these structures. Such flexibility underscores the potential for 

rational, application-specific design of porous materials across various 

technologies. 
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2 EXPERIMENTAL AND ANALYTICAL TECHNIQUES 

2.1 Thin film fabrication methods  

2.1.1 Sol -gel synthesis for the preparation of porous thin films  

 

Sol-gel synthesis offers pathways to the preparation of various inorganic oxide 

films, particles, and powders from molecular precursors. Crucially, it is a facile, 

liquid-phase fabrication route to thin films in both laboratory and industrial 

settings, serving as alternative to vapour deposition techniques (167, 168).  

In this work, mesoporous silica thin films are prepared via sol-gel synthetic 

route combined with templated co-assembly (using different BCPs and 

surfactants). Nanoscale silica - being a commodity today (169) - are routinely 

prepared from chemical precursors, specifically from tetraethyl-orthosilicate 

(TEOS) or tetramethyl-orthosilicate (TMOS). This synthesis requires the 

addition of acid catalyst to an alcohol solution of TEOS or TMOS, which as a 

result of subsequent hydrolysis and condensation (see Figure 2.1. (170)) 

enables the formation of larger aggregates or films connected via siloxane 

bonds. 

 

Figure 2.1. Reactions describing hydrolysis and water condensation of 

TEOS (R = -CH2-CH3). Reprinted with permission from reference (170). 

Copyright 2020, Springer Nature. 

 

The product of this hydrolysis reaction undergoes gelation (i.e., condensation) 

forming the interconnected network. Since the condensed inorganic aggregate 

is highly hydrophilic, it can be used in combination with an alcohol solution of 

PMTs (i.e. block copolymers as elaborated in Section 1.1.1.3) to selectively 

accumulate in the hydrophilic shell of the PMT, thus forming periodic organic-

inorganic nanostructures.  
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Figure 2.2. Schematic illustration of the spin coating process: (A) deposition 

of the sol, (B) spinning and (C) evaporation of the solvent. Reprinted with 

permission from reference (171). Copyright 2022, Springer Nature. 

 

While the choice of template influences nanoscale structure the assembled 

hybrid material, the inorganic precursor determines the chemistry of the 

obtained oxide. In this sense, the route of this synthesis can also be applied to 

the preparation various metal-oxides, e.g. titanium dioxide (172) or tin oxide 

(173) from titanium- or tin-alkoxides, respectively. 

Spin-coating is widely used for producing nanoscale coatings (i.e. thin films) 

through evaporation-induced self-assembly (EISA) of inorganic-organic 

hybrids. This method involves controlled solvent evaporation as a key step for 

achieving adjustable thickness (174). EISA offers significant advantages over 

direct nanoparticle precipitation (175), particularly for fabricating large-area, 

continuous films with densely packed micelles. Specifically, spin-coating - 

being one of the simplest EISA techniques (see schematic in Figure 2.2. (171))  

- utilizes centrifugal force applied by high-velocity rotating substrate (typically 

500-5000 RPM) to accelerate solvent evaporation (176ï178). Following 

deposition, calcination at high temperatures promotes full condensation of the 

inorganic phase and selective removal of the organic phase, yielding a 

continuous, porous solid, as depicted in Figure 2.3. (128). 

 

Figure 2.3. Schematic of the fabrication process of porous inorganic thin 

films with a high-ɢ BCP (PI-b-PEO) as template. Reproduced and adapted 

under Creative Commons licence, from reference (128). Copyright 2023, The 

American Chemical Society. 

A B C
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It is indispensable to recognise that the resulting inorganic chemical structure 

is influenced not only by the precursor but also by the conditions used to treat 

the organic-inorganic hybrid. This is particularly vital  in BCP templating, where 

the commonly used hydrophilic PEO corona exhibits strong reducing 

properties in inert atmospheres such as N2 (179, 180). For example, porous 

metal films like ruthenium (0) can be produced under inert conditions, while 

ruthenium (IV) oxide forms under oxidative conditions, as depicted in Figure 

2.4. (180, 181). Thus, while sol-gel assembly is typically used for creating silica 

and metal oxides, recent developments have demonstrated its potential for 

fabricating porous metal films, including those made from rhodium, ruthenium, 

and iridium (180), broadening its possible applications (182).  

In this thesis EISA, specifically spin coating was used to deposit various films, 

such as polymer solutions, inorganic sols, and inorganic/polymer hybrids. A 

Laurell WS 650 MZ spin-coater with vacuum-enabled stage was deployed for 

all deposition at set constant RPM.  

 

Figure 2.4. Schematics on the effects of annealing atmosphere. Sol-gel route 

to porous metal oxides through oxidation using a high-ɢ BCP (PB-b-PEO) as 

template, with representative SEM capture of the surface (A). Reproduced 

and adapted with permission from reference (181). Copyright 2021, The 

American Chemical Society. Sol-gel route to porous noble metal through 

carbothermal reduction in inert atmosphere, using a high-ɢ BCP (PB-b-PEO) 

as template, with representative SEM capture of the surface (B). Reproduced 

and adapted with permission from reference (180). Copyright 2022, John 

Wiley and Sons. 
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2.2 Thin film characterisation techniques  

2.2.1 Spectroscopic ellipsometry  

 

Spectroscopic ellipsometry (SE) is an optical characterisation technique for the 

analysis of thin films by polarised light. In a nutshell, through measuring the 

change in the polarisation state of a beam of light reflected from the sample ï 

as described in equation (2.1), highly accurate information can be acquired 

about n, k, thickness, and optical anisotropy of thin films. A schematic 

ellipsometric reflectance measurement is showcased in Figure 2.5., with 

regards to the path of polarised light and its parallel (p), and perpendicular (s) 

components corresponding to the plane of incidence before (Eis, Eip) and after 

(Ers, Erp) reflection, respectively (183). 

 
Figure 2.5. Schematic of SE reflectance measurements. Reprinted with 

permission from reference (183). Copyright 2007, John Wiley & Sons. 

 

The equation governing the relationship between measured complex 

reflectance ratio (ɟ) and thin film parameters is given as (183): 

 ”
ὶ

ὶ
ÔÁÎ Ὡȟ (2.1) 

where ὶ and ὶ are Fresnel reflection coefficients corresponding to light 

polarized parallel (p) and perpendicular (s) to the plane of incidence, 

respectively. Herein ÔÁÎ  and ῳ denote the amplitude ratio and the phase 

difference of the complex ὶ ὶϳ  value, as:  

 ÔÁÎ 
ὶ

ȿὶȿ
 ȟ (2.2) 

 ῳ ῳ ῳ Ȣ (2.3) 



 
55 

 

Since the amplitude parameter measured is a ratio of the magnitude of the 

Fresnel-coefficients, it is more sensitive to small changes in the constituent of 

the coefficients, compared to direct measurements of the coefficients 

themselves (such as the case in photometric reflectivity for instance). At a 

specific incident angle ( — , Brewster-angle), the denominator rp 

approaches zero, leading to drastic changes of measured values with small 

changes of thin film parameters (see Figure 2.6.) (184).  

The optical description of —  for a general A-B interface is given in 

equation (2.4) 

Thus, by the simultaneous spectral acquisition of amplitude ( ) and phase 

parameters (ῳ) at an incidence angle near — , more optical information 

can be extracted than from simple reflectance/interference investigations. This 

is demonstrated at example shown in Figure 2.7. for thin SiO2 films on Si. At 

75° incidence on Si substrate, ellipsometry is highly sensitive to oxide layer 

thickness changes even smaller than 1 nm (183), which is a major advantage 

over reflectivity measurements, 

 — ÁÒÃÔÁÎ
ὲ

ὲ
 Ȣ (2.4) 

 

Figure 2.6. Reflectance corresponding to s and p polarization from an air-Si 

interface with respect to angle of incidence. Reprinted with permission from 

reference (184). Copyright 2020, Springer. 
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Figure 2.7. Simulated ellipsometric spectra of SiO2 coated Si with various 

layer thicknesses (at 75° incidence). 

 

Due to the indirect nature of the technique, optical models are required for the 

comprehensive analysis of ellipsometric spectra ( -ῳ). These optical models 

describe the mono/multilayer structure (with corresponding thickness values) 

and the wavelength dependent complex refractive index (or complex dielectric 

function) of all layers (183). They can be either be inserted from tabulated 

reference values or can be modelled with dispersion laws, the most prevalent 

types of which are described below. 

The classical Lorentz oscillator model (2.5)-(2.6) is based on the equation of 

motion for a harmonic oscillator in a viscous medium and can be applied to the 

description of semiconductors and insulators when optical dispersion is 

primarily caused by resonance polarization from electric dipoles (154, 183) 

 ‐‫ ʀ ᴼ ʖ
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where ʀ ᴼ  indicates the value of ‐  as it approaches the maximum 

boundary of within the fitted spectral range. Meanwhile, Æ (photon energy ~) ‫ 

is dimensionless amplitude of the oscillator. ɜ and ʖ  are frequency-unit 

parameters, related to the width, and position of the oscillator respectively.  

The Drude-model (2.7)-(2.8) (developed by Paul Drude, the founding father of 

ellipsometry) (185ï187) is another function based on classical 

electromagnetism. It assumes positive ions at fixed positions, surrounded by 

a non-interacting electron gas (described by the kinetic theory of electrons), 

 ‐‫ ʀ ᴼ

ʖ ‫ϳ

ρ ʖ ‫ϳ
 ȟ (2.7) 

 ‐ ‫
ʖ

‫

ʖ ‫ϳ

ρ ʖ ‫ϳ
 ȟ (2.8) 

where ʖ  is the plasma frequency (previously introduced in section 1.2.1), and 

ʖ  is another frequency-unit parameter. As one would expect, the Drude 

model can reliably fit the optical properties of metals, and heavily doped 

semiconductors; the optical response of which are dominated by free carrier 

absorption (188). Furthermore, the electrical conductivity/resistivity of the 

analysed films can also be acquired from fitted parameters ʖ  and ʖ , thus 

providing a complementary metrology for electrical characterisation. The 

measurement sensitivity for free-carrier absorption can be improved by using 

mid-infrared spectroscopic ellipsometry, since free-carrier absorption is more 

significant  in the lower .region (183, 188, 189) (‗ higher) ‫ 

The Sellmeier oscillator (2.9)-(2.10) on the other hand is derived from the 

Lorentz model for the special case of ‐ π (i.e. no absorption) and is widely 

used to model the optical dispersion of transparent materials due to its 

simplicity (183), 

 ‐‗ ʀᴼ

" ‗

‗ ‗
 ȟ (2.9) 

 ‐ ‗ π ȟ (2.10) 

where fitted parameters "  and ‗  represent the oscillator amplitude and 

position (effective resonance wavelength); while ʀᴼ  indicates the value of 

‐ as it approaches the maximum boundary of ‗. 
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The empirical Cauchy dispersion law (2.11)-(2.12) is another model for 

insulators, being somewhat distinct from the ones above, as it is expressed for 

wavelength-dependence of the refractive index; with parameters " , and # 

 ὲ‗ Î ᴼ

"

‗

#

‗
ȣ  ȟ (2.11) 

 Ὧ‗ π Ȣ (2.12) 

In practice, consistent modelling of materials across broad spectral ranges 

often requires a combination of the aforementioned functions. For instance, 

amorphous semiconducting films can be described by Sellmeier law below-, 

and with Lorentz oscillator above their band gap. As an alternative, the  

Tauc-Lorentz dispersion law can be used for the same purpose (190ï192), 

which was developed to account for both behaviours. 

The purely optical, non-destructive nature of SE made it an appealing choice 

for in-situ integration and time-resolved experiments (193). As an example, 

UV-Vis SE can be incorporated into atomic layer deposition chambers to 

monitor the incremental growth of thin films with <1 nm resolution (194, 195).  

On the other hand, IR SE can follow the in-situ evolution of sol-gel processing 

in thin films through absorption (k) corresponding to specific vibrational bands, 

as shown in Figure 2.8. (196). It is worth noting that modern rotating 

compensator UV-Vis SE systems allow measurement times of <0.5 s, while IR 

SE setups are mostly based on individual photometric measurements at set 

polariser angles (with Michelson interferometer optics), thus requiring longer 

acquisition time for a full measurement  (>10 s) (183, 196). 

 

Figure 2.8. C-O (A) and C-H (B) band evolution as a function as 

temperature, obtained by in-situ IR-SE. Reprinted with permission from 

reference (196). Copyright 2023, Springer Nature. 
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Table 2.1. Advantages and drawbacks of UVïVisïNIR ellipsometry and IR 

ellipsometry. Reprinted with permission from reference (196). Copyright 2023, 

Springer Nature. 

 

The information on nanoscale optical, structural and chemical properties that 

can be obtained from ellipsometry with considerations for timed measurements 

are summarised in Table 2.1. (196). 

In this thesis Semilab SE-2000 and SE-2000-IR equipment were used for 

ellipsometry measurements. Data analysis and fitting was carried out with the 

Semilab SEA software. For optical models, (monocrystalline) Si was modelled 

with reference n-k values, SiO2 was modelled with Cauchy law (in combination 

with EMA for mesoporous structures). Metals (gold, aluminium) were fitted with 

Drude models while a combination of Tauc-Lorentz and Lorentz oscillators 

were used for other materials.  

 

2.2.2 Ellipsometric porosimetry  

 

The most widely established techniques for porosimetric evaluation in bulk 

materials, such as volumetric physisorption or mercury intrusion face 

limitations in providing reliable and/or non-destructive information in thin film 

architectures (197). On the other hand, thin-film sensitive methods for probing 

pore size distribution and surface area - including positron annihilation lifetime 

spectroscopy (PALS) (198), and X-ray reflectivity (XRR) (199, 200) - are 

severely limited in their routine use imposed by relatively complex data 

analyses and/or low instrument availability (201, 202). To this end, 

ellipsometric porosimetry (EP) can serve as an alternative characterisation 

  
UV-Vis -NIR 

ellipsometry  
  

IR 

ellipsometry  

Structural evolution  +++   +++ 

Optical properties  +++   +++ 

Chemical evolution  -   +++ 

Time resolved 
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method, enabling the comprehensive evaluation of all crucial mesoporous 

structural parameters in a more facile way (164, 197, 203).  

As an extension of in-situ SE; EP has been developed as a thin film-specific 

characterisation technique based on a combination of ellipsometry and vapour 

sorption (see Figure 2.9. (204) schematic and Figure 2.10. photograph). In 

the last two decades, it has become one of the most powerful metrology tools 

specifically utilised for mesoporous thin films. EP provides access not only to 

structural information such as porosity, pore size, or specific surface area but 

also enables the non-destructive evaluation of the mechanical characteristics 

of porous thin films, including complex structures with bimodal pore sizes and 

high level of disorder (51, 52, 202, 203, 205ï210). EP obtains and evaluates 

ad/desorption isotherms through optical means, rather than via 

microgravimetry as in the case of traditional vapour adsorption, thus requiring 

little to no sample preparation. Since the accuracy of the measurements is not 

affected by the total sample mass, this method may be regarded as more 

accurate for the measurement of thin films compared to traditional N2 

porosimetry techniques (197). 

As a porosimetric measurement, EP relies on the manipulation of the relative 

pressure of an adsorptive (in most cases water, toluene, or alcohols), while the 

mesopore filling is monitored via SE measurements inside a dedicated 

environmental chamber. As shown in Figure 2.11. (211), the incorporation of 

adsorbate molecules into the mesoporous network during gradual increase of 

relative pressure causes a spectral shift (due to an increase in n). 

 

Figure 2.9. In-situ SE monitoring of adsorption in porous thin films as the 

principle of EP (A). Reprinted and adapted with permission from reference 

(204). Copyright 2007, American Chemical Society. Stages of pore filling as a 

function of relative pressure (B). 
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Figure 2.10. A vacuum EP setup. Photo of the author.  

 

 
Figure 2.11. SE parameters recorded in-situ during adsorption on porous film 

(a). Obtained n and h isotherms (b). Reprinted and adapted with permission 

from reference (211). Copyright 2012, American Chemical Society. 
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During the measurement ellipsometric spectra are acquired at different relative 

pressures of the adsorptive are used to construct ad/desorption isotherms. In 

the case EP, isotherms are usually plotted by volume adsorbed (ὠ Вὠϳ  

which is defined as the ratio of condensed phase adsorptive volume and the 

summed volume of sorbent, sorptive and void. The latter is constant during the 

entire pore filling process, because an increase in condensed sorptive causes 

the same decrease in void.  

Using optical models with EMAs, the volume of liquid adsorbed relative to the 

total sorbent volume (Vads) can be calculated at each relative pressure step. 

The most used Lorentz-Lorenz EMA enables pore filling calculations, only 

taking into account the refractive indices of the adsorbates (from reference 

values) and the initial refractive index (from the first step of the measurement 

cycle). In this case, the adsorbed volume ratios are calculated at each step 

from the measured effective refractive index values, as below (164): 

 ὠ ὠϳ ȿ

ὲ ρ

ὲ ς
  

ὲȟ ρ

ὲȟ ς
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ȟ (2.13) 

where neff is the effective refractive index of the porous thin film partially filled 

with adsorptive at the specific relative pressure set (directly measured), 

ὲȟ  is the refractive index of the thin film at ~0 relative adsorptive pressure 

(measured at first step of EP cycle), and nads is the refractive index of the 

adsorptive. It is worth noting, that the calculations are independent of the 

refractive index of the skeleton matrix if a constant value is assumed during 

the EP cycle (164). A thus calculated volume adsorbed isotherm is exhibited 

in Figure 2.12. (211),  with schematic illustrations of the stepwise process of 

pore filling with condensed state adsorptive. 
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Figure 2.12. Volume adsorbed isotherm of toluene on a porous film 

calculated from Lorentz-Lorenz EMA. Reprinted and adapted with permission 

from reference (211). Copyright 2012, American Chemical Society. 

 

Specific surface area are routinely derived via the classical Brunauerï

EmmettïTeller (BET) fitting on the obtained isotherms (40, 203, 212). Pore 

size distribution (PSD) data can be obtained from the volume adsorbed 

isotherm based on the relationship between mesopore size and capillary 

condensation described by the modified Kelvin-equation (1.3) in Section 

1.1.1.1, which was shown to be applicable to EP (164, 213), as it accounts for 

the mono-/multilayer formation during the adsorption process (52, 164, 214).  

Due to the different molecular weight, density, and surface tension of 

adsorptives, their Kelvin radius ï relative pressure relationship is significantly 

varied, thus isotherms of the same material acquired with distinct adsorptives 

can look quite different (see Figure 2.13.). EP adsorptives include volatile 

liquids, like water, methanol, and toluene. The selection of vapour adsorbate 

is typically influenced by five characteristic parameters: surface chemistry of 

the porous architecture, vapour pressure, molar mass, polarity, and surface 

tension. While water- (51, 52, 215), or toluene-based (129) EP serves as 

conventional method for assessing hydrophilic mesoporous thin films, 

methanol has recently emerged as a promising adsorbate for micropore 

characterisation (201, 216, 217). 
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Figure 2.13. A comparison between EP isotherms obtained from water (A) - 

and toluene (B) -based set-up of the same mesoporous thin film. Reproduced 

under Creative Commons licence, from reference (203). Copyright 2020, 

American Chemical Society. 
 

The small molecular weight and surface tension of methanol offers particular 

sensitivity for the microporous regime (pore radius < 1 nm), while the larger 

molecules of toluene undergo capillary condensation in larger pores, making 

them more sensitive than other adsorptives for larger mesopores (pore radius 

> 5 nm). For this reason, it is of particular importance to perform EP 

measurements with the adsorptive most suitable for the pore size of the 

sample in question. One source of inaccuracy in the usage of the modified 

Kelvin-equation (1.3) remains the internal contact angle parameter (ɗi). While 

most works have assumed this to be 0° (211, 218) or substituted it with the 

macroscopic contact angle (219), this may not always be a correct 

approximation (220, 221). Thus, the internal wetting phenomena of organic 

liquids during EP are not yet fully understood. 

The most commonly used EP setup uses a humidity chamber to control the 

relative humidity (relative pressure) of water (see Figure 2.14.). This technique 

is also called environmental ellipsometric porosimetry (EEP), as it operates at 

atmospheric pressure, without the need of any vacuum. Its advantages include 

low cost and easy operation; however, it is largely limited to water, and low 

toxicity organic vapour adsorptives due to practical and safety concerns. 

For measurements with other adsorptives, vacuum EP can be used. These 

set-ups (see Figure 2.15.) employ an evacuated chamber connected through 
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a proportional valve to the adsorptive vessel enabling precise control of relative 

adsorptive pressure (214). Vacuum EP setups are highly accurate and can be 

used for measurements with a wide range of adsorptives, however they are 

more costly and more operationally complex compared to EEP configurations.  

For the investigations in this thesis, Semilab SE-2000 EPA equipment was 

used for environmental porosimetry, while Semilab SE-2000 EP and PS-2000 

equipment were used for vacuum porosimetry measurements. Data analysis 

and fitting was carried out with the Semilab SEA software. 

 

Figure 2.14. EEP set-up. Reprinted with permission from reference (52). 

Copyright 2005, American Chemical Society. 

 
 

 

Figure 2.15. Vacuum EP set-up. Reprinted with permission from reference 

(214). Copyright 2010, Elsevier. 



 
66 

 

2.2.3 Atomic force microscopy  

 

Imaging techniques such as atomic force microscopy (AFM) can yield 

quantitative information on pore size and (short-range) structural order. The 

principle of AFM relies on attractive/repulsive interactions between a tip 

mounted on a cantilever which scans the imaged surface. A laser -which 

reflects from the cantilever - is utilised to constantly monitor the tipôs position. 

Overall, the resolution of the AFM captures is highly dependent on the 

sharpness of the tip. In the case of porous thin films (an example capture with 

image analyses is shown in Figure 2.16. (203)), access is constricted to the 

very top of the sample and the representativeness is hindered by the limited 

field of view. Furthermore, no information can be gathered about other critical 

parameters like surface area (203). 

While AFM is unable to probe the entire depth of porous thin films, its surface 

sensitivity and relative ease of integration made it a popular choice for 

operando studies, especially for probing solid-electrolyte interphase formation 

on battery electrodes and their degradation during cycling (222ï225).  

In this thesis AFM measurements of mesoporous surfaces were carried out 

with a Bruker Dimension Icon atomic force microscope equipped with a 

SCOUT350 (Nunano, UK) probe (nominal tip radius 5 nm) in tapping mode. All 

measurements were obtained and analysed with WSxM software (226) by 

Alberto Alvarez-Fernandez and the author. 

 
Figure 2.16. AFM top-down capture and image analysis of a nanoporous thin 

films. Reproduced under Creative Commons licence, from reference (203). 

Copyright 2020, American Chemical Society. 
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2.2.4 Grazing -incidence small -angle  X-ray  scattering  

 

Grazing-incidence small-angle X-ray scattering (GISAXS) has shown 

promising results as a complementary technique to provide information about 

3D pore arrangement and porosity (203). The relationship between the 

incident X-ray wavelength, glancing angle, and the periodic nanostructure 

follows Bragg's law. Analogous to how electron-, and X-ray diffraction at wide 

—  interacts with the crystal structure of solids (Å scale), GISAXS 

employs shallow angles (typically < 1°) to investigate the periodicity and 

morphology of nanostructured materials such as porous thin films (nm scale) 

as shown in Figure 2.17.A (227). This grazing-incidence approach minimizes 

penetration into the bulk substrate and enhances sensitivity to surface and 

near-surface structures (203, 228ï230). 

 
Figure 2.17. Top: Schematic of grazing incidence X-ray scattering 

techniques. Reproduced under Creative Commons licence, from reference 

(227). Copyright 2015, International Union of Crystallography. Bottom: 2D 

GISAXS scattering patterns and GISAXS line cuts in the in-plane direction of 

hybrid organic-inorganic films before calcination with different SDA sizes. 

Reproduced under Creative Commons licence, from reference (203). 

Copyright 2020, American Chemical Society. 
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In this thesis GISAXS measurements were primarily performed in order to 

gather information on centre-to-centre pore distance. All GISAXS 

measurement and data-analysis were carried out by Alberto Alvarez-

Fernandez. Measurements were carried out at the Centre de Recherche Paul 

Pascal at Université de Bordeaux using a high-resolution X-ray spectrometer 

Xeuss 2.0 (Xenoxs) operating with radiation wavelength of = 1.54 Å. 2D 

scattering patterns were collected using a PILATUS 300K Dectris detector with 

a sample-to-detector distance of 1188 mm. The beam centre position and the 

angular range were calibrated using a silver behenate standard sample. 

GISAXS data analysis was accomplished with the FitGISAXS software (231).  

 

2.3 Electrochemi cal cycling  of micro -, and nano electrodes  

 

The electrochemical energy storage behaviour of both nano- and microscale 

(thin-, and thick film) electrodes exhibits unique characteristics that provide 

fundamental insights into various charge storage mechanisms, which are 

essential for optimal design in advanced engineering applications.  

Previously, we discussed different types of energy storage systems, including 

batteries, EDLC, and pseudocapacitance-based devices. It is crucial to 

emphasise that the charge transfer mechanisms in these systems are heavily 

influenced by the material's chemistry, crystallinity, and nanostructure (see 

Figure 2.18.) (232). This is particularly important for accurately distinguishing 

between intrinsic and extrinsic pseudocapacitive behaviors, where 

nanostructuring plays a pivotal role. 

Extrinsic pseudocapacitance (232, 233) refers to capacitive behaviour that 

arises due to the nanostructuring of the material, but is not present in the bulk 

form of the electrode. This phenomenon enables enhanced charge storage 

capacity that would otherwise not be observable in larger-scale electrodes.  

In contrast, intrinsic pseudocapacitive materials demonstrate capacitive 

behaviour consistently across a wide range of structural scales, from bulk to 

nanoscale. The distinction between these two types of pseudocapacitance is 

crucial for tailoring electrode materials for specific applications and is 

schematically explained in Figure 2.19. (233). 
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Figure 2.18. Classification EES mechanisms of thin film electrodes with 

respect to capacity, charging kinetics, and associated structural changes. 

Reprinted with permission from reference (232). Copyright 2020, American 

Chemical Society. 

 

 
Figure 2.19. Schematics and corresponding cyclic voltammograms of 

extrinsic and intrinsic pseudocapacitive materials. Reprinted with permission 

from reference (233). Copyright 2014, IOP Publishing. 






































































































































































































